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ABSTRACT 
This work is an investigation into the information provided by the 
concurrent use of  in situ  reflection high energy electron diffraction (RHEED) 
and reflection electron energy loss spectroscopy (REELS).  The two analytical 
methods were employed during growth of metal, semiconductor and 
superconductor thin films by molecular beam epitaxy (MBE).  Surface 
sensitivity of the REELS spectrometer was found to be less than 1 nm for 20 
KeV electrons incident at a 2 degree angle to an atomically flat film surface, 
agreeing with the standard electron escape depth data when adjusted incident 
angle. 
Film surface topography was found to strongly influence the REELS 
spectra and this was correlated with in situ RHEED patterns and ex situ 
analysis by comparison with atomic force microscopy (AFM).  It was observed 
in all the experimental results that from very smooth films the plasmon peak 
maxima did not fall at the predicted surface plasmon values but at slightly 
higher energies, even for nearly atomically flat films.  This suggested the 
REELS plasmon loss spectra are always a combination of surface and bulk 
plasmon losses.  The resulting summation of these two types of losses shifted 
the peak to below the bulk plasmon value but held its minimum to a higher 
energy than the pure surface plasmon value.  Curve fitting supported this 
conclusion. 
ii 
Observation and interpretation of the diffraction pattern and energy loss 
spectrum allowed chemical analysis of the material.  The novel use of paired 
RHEED and REELS during resonant tunneling device growth allowed for rapid 
and efficient adjustment of process parameters, enabling production of devices 
exhibiting negative differential resistance.  Plasma cleaning of natively 
oxidized Nb films, then nitriding the clean surface produced RHEED patterns 
and REELS spectra that clearly changed from that of native Nb oxide to a 
metallic Nb surface then to one characteristic of NbN. 
One may easily discern from paired observation and interpretation of 
RHEED diffraction and the REELS spectrum whether the film growth process 
is proceeding as desired.  The paired use of these two instruments allow for 
better interpretation of thin film composition, surface morphology and texture 
than either of them used alone. 
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CHAPTER 1 
Introduction 
 
The widespread use of reflection high energy electron diffraction 
(RHEED) is now a standard tool for in situ surface analysis of metal and 
semiconductor thin film growth by molecular beam epitaxy (MBE).  This 
instrument gives real-time information on crystal structure, growth orientation 
and surface quality of these materials through the observation and record of an 
electron beam diffraction pattern scattered from a grazing incident angle from 
the sample onto a phosphor screen.  Recent development of an electron energy 
loss spectrometer (EELS) for use in the reflection mode (REELS) has allowed 
for both RHEED and REELS to be performed  in situ and concurrently in the 
MBE system.  EELS is commonly used to give information on the chemical 
nature of the growing materials in transmission electron microscopy.  This 
work provides new information that was obtained from the paired use of these 
two instruments and characterizes this reflection mode spectroscopy, REELS, 
in the analysis of surfaces during the MBE growth of materials, including free-
electron metals and the III-nitride semiconductors. 
In the following chapters the electron diffraction patterns and the electron 
energy loss spectra were examined from several materials systems.  Chapter 2 
is a description of the construction of the MBE chamber and its REELS and 
RHEED instruments.  Chapter 3 is the findings from a study of growth of 
2 
group-III metals, aluminum, gallium and indium that revealed the surface 
sensitivity of the REELS instrument and also the way in which different 
surface topographical features such as grain size, surface roughness and spatial 
frequency of the features affect the interpretation of the RHEED and REELS 
results.  Chapter 4 shows how thin films of the binary nitride semiconductors 
AlN, GaN and InN were studied from the same perspective as the metals.  
Chapter 5 describes the advantage that in situ employment of concurrent 
RHEED and REELS gave over ex situ analysis in the development of optimal 
process parameters for the materials growth and device structure of a resonant 
tunneling diode (RTD) made of a GaN quantum well between two AlN barriers 
is shown.  Chapter 6 is a study of a niobium film surface and what these 
instruments reveal as the surface is plasma cleaned, nitrided and then coated 
with both metallic aluminum films and an AlN barrier layer as might be 
applied to the construction of the superconducting base layer and insulator 
barrier for a Josephson junction. 
In addition to the in situ RHEED and REELS, some ex situ analyses was 
done by Rutherford Backscattering Spectroscopy (RBS), X-ray diffractometry 
(XRD) θ-2θ scans, and tapping-mode Atomic Force Microscopy (AFM) to 
confirm properties of film composition, crystal structure, and surface 
topography.  These ex situ results were compared with the in situ REELS and 
RHEED data for correlation studies of these properties. 
3 
CHAPTER 2 
Description of the experimental apparatus—The MBE chamber and in situ 
RHEED and REELS analytical instruments 
 
2.1. DESCRIPTION OF THE MOLECULAR BEAM EPITAXY CHAMBER 
Molecular beam epitaxy (MBE) is the dominant thin film growth method 
used in this work.  A custom built ultra high vacuum (UHV) chamber 
constructed from stainless steel is evacuated of atmospheric gases to high 
vacuum by a turbomolecular pump and then to ultra high vacuum by the 
adsorption of residual gases to extremely low temperature surfaces cooled to ~ 
10 Kelvins by a helium gas refrigeration unit, i.e., a cryogenic vacuum pump.  
This (unbaked) UHV chamber had a reliable base pressure of < 4x10-9 Torr. 
A small load lock chamber is connected to the UHV chamber to allow 
loading of 1 × 1 cm sample substrates onto a thermionic electron emission 
heater without breaking the main chamber vacuum.  The heater platen is 
constructed in a manner such that the substrate has a 0.25 mm space behind it 
with the sample touching it only at its edges.  An external infrared optical 
pyrometer senses the sample temperature through a sapphire viewport on the 
UHV chamber and the sample temperature is read out on an exterior panel-
mounted digital gauge.  If the sample substrate is a material that is transparent 
to infrared radiation then the sample’s back surface is first coated with titanium 
by an ex situ thermal evaporation process to make it opaque to the infrared 
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light from the heater surface.  This results in a more accurate sense of the 
sample substrate temperature. 
Five effusion cells (a.k.a. Knudsen cells, or K-cells) with pyrolitic boron 
nitride crucibles installed were mounted on the chamber to supply 
atomic/molecular beams that were the means of metal deposition on the sample 
surfaces. Three of these five Knudsen cell crucibles were separately filled with 
aluminum, gallium and indium, and the other two contained elemental 
chromium and silicon, all of at least 99.999% purity.  Effusion cell deposition 
times were controlled by manually operated shutters installed over each K-cell 
orifice. 
The group III elements Al, Ga and In were deposited by effusion onto 
sample substrate surfaces for the study of metallic films.  For the investigation 
of films and devices made of the III-N semiconductors AlN GaN and InN, 
effusion of these metals was done in an environment of plasma-enhanced 
activated argon/nitrogen mixture.  Research grade argon and nitrogen were 
introduced through separate mass flow controllers (MFCs) to an RF plasma 
source so to control the relative partial pressure of the gases and the total 
pressure of the reactive plasma.  The group IV element, silicon, is co-deposited 
with the metals when a donor impurity for n-type doping of the material is 
desired.  The chromium is available as an impurity metal that when 
incorporated into the semiconductors in the proper compositions will produce 
III-N thin films with ferromagnetic properties.1,2,3  A schematic illustration of  
5 
 
FIG. 2.1  (a) schematic representation of the MBE chamber equipped with both 
RHEED and REELS instrumentation with examples of a RHEED pattern and a 
REELS spectrum of GaN, (b) a photograph of the chamber. 
(a
(b) 
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the MBE chamber along with an example of a RHEED pattern and a REELS 
spectrum of GaN may be seen in Fig. 2.1(a), while a photograph of the 
chamber is shown in Fig. 2.1(b). 
A reflection high energy electron diffraction (RHEED) electron gun was 
mounted on the left side of the MBE chamber and its phosphor screen and 
CCD camera was mounted opposite the gun on the right side.  The reflection 
electron energy loss spectrometer (REELS) photomultiplier detector was 
installed in tandem with the RHEED phosphor screen housing on the right side.  
A custom “dark room” housing was constructed around the camera and 
detector that improved imaging of the RHEED pattern and allowed for REELS 
data gathering without turning off the room lights. 
 
2.2. PREPARATION OF EXPERIMENTAL SAMPLE SUBSTRATES FOR 
GROUP III METALS AND III-N BINARY SEMICONDUCTORS 
All sample substrates were 1 cm2, coated with titanium by thermal 
evaporation on their back surfaces to make them opaque to radiation from the 
sample heater.  This was not done in the MBE chamber but in a separate 
chamber dedicated to that operation. 
Sapphire (0001) substrates were prepared by first degreasing with organic 
solvents and then loaded into the Ti evaporator.  After the Ti back coating 
process the samples were loaded through the load lock into the MBE chamber 
and held at base pressure while heated to 1000 ºC.  While at that temperature 
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an argon pressure of 2×10-4 Torr was introduced and RF power of 300W was 
applied to clean the surface.  SiC (0001) substrates were cleaned in organic 
solvents, next in HNO3/DI water 1:1 for 2 minutes, then finally in HF/DI 1:1 
for 2 minutes, then after Ti deposition, similarly loaded and plasma cleaned in 
the UHV chamber.  MOCVD-grown GaN buffered sapphire (0001) substrates 
were cleaned with organic solvents then in HF/DI 1:1 followed by HCl/DI 1:1, 
each for 1 minute then plasma cleaned but at a temperature of 700 ºC.  This 
lower temperature process was used to avoid decomposition of the MOCVD 
GaN. 
 
2.3 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION (RHEED) 
The RHEED method of producing an in situ electron diffraction pattern 
from a growing thin film is a very common in situ analysis tool employed in 
molecular beam Epitaxy.4,5  An electron gun installed on the MBE (molecular 
beam epitaxy) chamber emits a collimated electron beam that is directed to 
strike a 1 × 1 cm sample at a grazing angle.  In typical RHEED geometry this 
grazing angle is between 1 and 3 degrees from the samples surface plane.  The 
angle of incidence for RHEED electron beam in this study was kept constant at 
a 2º angle.  This was the smallest angle that was able to give good results from 
these small samples.  As can be easily calculated from geometric 
considerations, the 0.5 mm diameter at 2º beam made a swath over 14 mm long, 
that would interact with the sample completely across the 1 cm wide surface 
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and spill over for 2 mm on each side.  Cutout sections on both sides of the 
sample holder minimized extraneous beam interactions from affecting the 
measurements but this was all that could be done within the mechanical limits 
of the sample holder. 
RHEED images in this work were produced by a 20 keV electron beam 
onto a phosphor screen where the image was captured by a Peltier-cooled CCD 
camera. This data was typically recorded from the substrates prior to growth, 
from the films during growth, and from the finished films when cooled to room 
temperature. 
The specifications for the Staib Instrumente model EK-35-R electron gun 
used in these experiments an emitted beam current from 0 to 50 µ amperes of 
emitted electrons at 5 -35 KeV with an energy spread of ≤ 1 eV and a beam 
diameter of  0.5 mm.  When this electron beam impinges on the surface of a 
crystalline sample, the electrons are diffracted from the crystal lattice.  The 
diffracted electrons then strike a phosphor screen at the opposite side of the 
MBE chamber whereby they become visible as a pattern of bright spots and or 
streaks on the otherwise darker phosphor surface.  A viewport on the chamber 
beyond the screen allows visual inspection of the RHEED pattern and 
photographs to be recorded by a CCD (charge coupled device) camera installed 
outside the chamber viewport. 
In order to mathematically represent the RHEED diffraction patterns, the 
diffraction image lattice spots/streaks are modeled by the construction of an 
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intersection of the crystalline sample’s reciprocal space lattice and an Ewald 
sphere (a sphere in reciprocal space having a radius equal to the length of the 
wavevector, k0, derived from the reciprocal of the wavelength of the incident 
electrons).  Calculations of the De Broglie wavelength from the relativistic 
velocity and the kinetic energy of the 20 keV electrons gave a value of λ0 = 
8.59 x 10-12 meters (8.59 x 10-2 Ångstroms).  The radius of the Ewald sphere 
for 20 keV incident electron beam is given by the following equation. 
   REwald = |k0|  = 2π /λ0                  (2.1) 
REwald = 2π / 8.59x10-12 m  = 2π / 8.x10-2 Ǻ  = 73.1 Ǻ-1 
where λ0 is the relativistic wavelength of the electrons.  The wavelength is 
much smaller than the real space crystal lattice spacing, therefore the radius of 
the Ewald sphere is much larger than the reciprocal lattice spacing of the 
crystal and so the surface of the Ewald sphere will certainly intersect many 2-
Dimensional (2-D) reciprocal lattice rods as well as many 3-Dimensional (3-D) 
reciprocal lattice points.  These intersections satisfy the Bragg diffraction 
condition and thereby produce the many spots and/or streaks seen in the 
RHEED patterns.  The real lattice of wurtzite GaN and the intersection of the 
Ewald sphere with the array of 2-D lattice rods are depicted schematically in 
Fig. 2.2 below. 
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2.4 INDEXING THE RHEED DIFFRACTION PATTERN  
A RHEED pattern consists of the combined diffraction spots, streaks, 
rings and diffuse background caused by diffracted electron beams from the 
sample intersecting the plane of the phosphor screen.  The electronic excitation 
of the phosphor screen produces visible green photons that may be observed 
visually or recorded by the CCD camera.  The pattern may have both the 
structure of the 2-D reciprocal lattice of the sample surface (spots and streaks 
on Laue rings) and also may have a grid-like pattern of 3-D transmission 
diffraction through any asperities on a less than perfectly flat surface.  
Understanding of the diffraction patterns starts from the relationship between 
the real-space lattice shown in Fig. 2.3 and its reciprocal space lattice seen in 
Fig. 2.4, along with the reciprocal of the electron’s wavelength, i.e., the 
electron’s wavenumber.  A photograph taken with a CCD camera of the 
diffraction pattern of a sapphire sample substrate is shown in Fig. 2.5.   
The well known formula for conversion from real to reciprocal space is is 
described here:  For the real space 3-D lattice vectors, a, b, c,  the volume of 
the unit cell in real space is  
V = (a×b)c              (2.2) 
The reciprocal lattice vectors are 
A* = 2(pi)*(b×c)/(V), B* = 2(pi)*(c×a)/(V), C* = 2(pi)*(a×b)/(V) (2.3, a, b, c) 
Reciprocal lattice points are designated 
G*(hkl) = h A*+ k B* + l C*                    (2.4) 
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Or, the same values are found from a simple formula with the following rules: 
(1)  A* ┴ b  and  B* ┴ a  
(2)  |A*| = 2π (| a | sin ϕ )-1, and  |B*| = 2π (| a | sin ϕ )-1         (2.5 a, b) 
(3)  ∠ (A*, B*) = γ = 180° - ϕ,                     (2.6 a, b) 
Where ϕ is the angle between a and b. 
The radius of the Ewald sphere radius is = 73.1 Ǻ-1, much larger than the 
spacing of the reciprocal lattice points from the sample materials.  This means 
the reciprocal lattice 2-D rods intersect the surface of the Ewald sphere in such 
a way that if one were looking down onto the 2-D lattice from above the sphere 
they would look like bright points at the 2-D reciprocal mesh points.  However, 
the RHEED screen is a flat phosphor coated window, not a spherical section.  
The image of a 2-D lattice projected onto a flat surface is distorted from the 
perfect symmetry of the 2-D lattice rods into “Laue diffraction rings” that are 
increasingly compressed in a radial direction as the index of the Laue rings 
increases away from the diffraction pattern center, L0, L1, L2 . . .   Furthermore 
the image is distorted by an increasing lateral expansion of the pattern with 
increasing distance from the diffraction shadow edge.  All this causes the 2-D 
diffraction pattern to be come a laterally stretched and radially compressed 
image distorted from its true nature as a symmetrical 2-D mesh. 
12 
 
 
FIG. 2.2  Shown are (a) the hexagonal real space lattice of GaN with the 
spacing between parallel rows of equivalent atoms, d||, and (b) the 
corresponding reciprocal space hexagonal lattice with the Ewald sphere 
construction.
(a) 
 
        Real space lattice of GaN 
<1 0 -1 0>     E0 
<0 1 0 0> 
d|| 
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a1 
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        0 0 
  lattice rod k0  
Section of 
Ewald sphere 
Reciprocal lattice 
of GaN 
Beam || to 11 0 0〈 〉  
k′ 
Row that 
will form L0 
on the screen 
(k0 and k′ origins are at the center 
of the Ewald sphere, r = 73.1 Å-1 ) 
 
    A* 
   
A*+B* 
    B* 
each = 
2.28 Å-1 
     (b) 
 
 
Reciprocal lattice of GaN and Ewald 
sphere construction, 20keV electrons,  
λ = 8.59 ×10-2 Å , to-scale 
1st, 
0th Laue zone  . . . . . 2nd, 
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FIG. 2.3  As an example, the GaN real space unit cell lattice parameters are 
shown, along with the calculated reciprocal space unit cell parameters.  The 2-
D unit cells are plotted for both the real space lattice and the reciprocal space 
lattice.  The hexagonal lattice parameters a1, a2 and −a3 are mapped to vectors 
a, b and (a+b), respectively. 
14 
 
FIG. 2.4  As an example, AlN real space unit cell lattice parameters are shown, 
along with the calculated reciprocal space unit cell parameters.  The 2-D unit 
cells are plotted for both the real space lattice and the reciprocal space lattice.  
The hexagonal lattice parameters a1, a2 and –a3 are mapped to vectors a, b and 
(a+b), respectively. 
15 
 
FIG. 2.5  A reflection high energy diffraction (RHEED) pattern 
from a bare sapphire substrate after argon plasma cleaning, 5x10-
4
 Torr, 300 W, with the sample at 1300ºC for 5 minutes.  The image was taken 
with the CCD camera of the phosphor screen and here is shown approximately 
twice actual size.  The direct beam spot is marked E0.  The zeroth and first 
Laue rings, L0 and L1, are indicated by the circle and arc, respectively.  The 
specular spot is designated S.  There are many surface reconstruction spots that 
appear between the first two Laue rings.
L1 
E0 
S
 
L0 
E0 
(0 0)
 
(0 1)
 
(0 -1)
 
[1 1 -2 0]
 
(1 -1)
 
(1 0)
 
(1 1)
 
L1 
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With this in mind, the patterns may still be interpreted and indices assigned to 
the spots/streaks with respect to the 2-D mesh. 
The 2-D pattern is indexed so that the specular reflected spot is designated 
S.  This specular spot is along the axis and in the plane of the beam-sample 
incidence. It is not always coincident with the first Laue ring (L0) but its 
distance from the diffraction shadow edge depends on and is a direct reflection 
of the angle of incidence of the electron beam with the sample surface.  The 
direct beam spot is marked E0.  Diffraction spots or streaks that are projections 
of the 2-D surface reciprocal lattice rods will lie precisely on Laue rings so that 
they have the same symmetry about the plane of beam incidence that the 2-D 
mesh has, with the aforementioned distortions from projection onto the flat 
screen.  All other surface diffraction spots from such 2-D surfaces as 
reconstructions of the surface or the first monolayer of a heteroepitaxial layer 
of different atoms will be projected between these points on the Laue rings.6 
These 2-D features in the diffraction pattern are indexed as a two-digit 
system.  The first digit is the order of the Laue ring on which it is found.  The 
second digit is the row number parallel to the plane of electron beam incidence. 
 
2.5 CORRECTED RHEED IMAGE SIZE 
Any crystal lattice analysis from measurements of the RHEED pattern 
features requires a knowledge of the actual size of the pattern and its 
relationship to the chamber geometry.  The true size of the RHEED pattern was 
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estimated by taking a photo of a graduated scale with the CCD camera at the 
same distance to the scale as it is from the camera to the RHEED screen, then 
estimating the true full width of the CCD camera’s image from the image of 
the scale.  An example of the corrected image size calculation is shown here 
below. 
The RHEED CCD camera image of the graduated length scale was taken 
with the RHEED CCD camera at a distance of 15 inches as measured by a tape 
measure (15 inches was the carefully estimated actual distance from the front 
of the camera housing to the RHEED screen inside the MBE chamber).  Then 
the actual size of the pattern was calculated from a printout of the photograph: 
 
The actual true width of image from the above calculation = 85.42 mm.  This 
value will be used to estimate the actual distances between diffraction pattern 
features on all other photographs of the RHEED images.  An actual size image 
is shown in Fig. 2.4 below. 
 
 
( )
( )
( )
138.5 printed image full width mm  113.5 printed image size (mm)
    ;
70.0 image size on scale (mm) true width of the camera image mm  
rearrange to get the actual true width of image mm
70.0 i
  
=        
( )
mage size on scale 138.5 printed image full width
113.5 printed image size
 true width of the camera's image mm 85.42 mm
 
× 
 
= =
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2.6 RHEED CAMERA CONSTANT 
The RHEED diffraction images can provide quantitative information on 
the sample’s surface crystal structure if accurate measurements are made of 
both the image taken of the diffraction pattern and the RHEED instrument 
geometry.  Calibration is done by measuring the pattern of a sample whose 
lattice constant is well known.  The relationship between the lattice spacing, 
diffraction pattern, and RHEED instrument geometry is given by: 
|| 0d t Lλ=         (2.2) 
where t is the distance between RHEED streaks,  L is the effective camera 
length of the RHEED system, λ0 is the wavelength of the electron in the 
relativistic approximation, and d|| is the distance between equivalent rows of 
atoms parallel to the incident beam.7  This term, Lλ0 , is the camera constant. 
 
2.7 RHEED EFFECTIVE CAMERA LENGTH 
Measuring the lateral distance between the streaks on the RHEED pattern 
CCD camera image where, t, using the corrected image size is  t = 12.85 mm 
result from diffraction off the surface of a GaN sample with lattice constant a = 
3.187 Ǻ where the distance between rows of atoms parallel to the plane of the 
incident beam, d||,  is calculated:  d|| =  3.187 sin 60º = 2.76 Ǻ.  The RHEED 
instrument Effective Camera Length, L, is given by the following calculation, 
rearranging equation (2.2), the camera length, L, was found to be 
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FIG. 2.6  The image above in (a) is a measurement of the image size at the 
distance to the RHEED screen from the CCD camera body.  (b) is the true 
image 85.42 mm width of the CCD camera photograph at the plane of the 
RHEED screen.  This image is of sapphire (α-Al2O3) taken with the electron 
beam specular reflection plane parallel to a  1 1 2 0  direction in the sapphire 
crystal.  This image of the RHEED screen is shown here at its actual size. 
Actual image size of the RHEED image 
85.344 mm 
70.0 mm in image = 113.5 mm 
actual size on a paper printout 
138.5 mm 
Full width of image = 6 inches = 
152.4 mm 
(a) 
(b) 
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×      (2.3) 
L = 412.9 mm.  This result is close to the sample-to-screen distance of 406.4 
mm (16 inches) as estimated from physical measurements of the MBE chamber, 
and is in good agreement with the calculation.  The camera length, L ,  of 412.9 
mm was adopted as the calibrated length. 
 
2.8 RHEED LATTICE DIMENSION CALCULATIONS 
It is simpler to calculate crystal lattice dimensions from RHEED images 
when the equation is rearranged to be Lλ0 =d|| t so that the left hand side of the 
equation is a constant independent of sample material.  This product, Lλ0 , is 
called the “camera constant,” and has the value 0.4129 × 8.59×10-12 = 
3.5468×10-12 (m2) = Lλ0.  One may obtain the d|| spacing by dividing this 
constant by the manually measured RHEED image spot separation, t.  For 
example, if one carefully measures the distance between the specular streak (0 
0) and a streak just to one side or other of it (1 0) in the above true-sized 
sapphire 1 1 2 0 azimuth RHEED image in Fig. 2.6, one comes up with ~14.5 
mm.  The lattice plane separation in the sapphire 1 100  direction is then Lλ0 
/t = 3.5468×10-12 m2 / 0.0145 m = 2.446×10-10 m, (2.446 Ǻ).  From this one 
may estimate the lattice constant, a, of sapphire as 2.446 Ǻ /cos 60º = 4.892 Ǻ 
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= a.  The published lattice constant of sapphire is a = 4.76 Ǻ, which means the 
estimate produced an error of  +2.9%.  If the image is doubled in size as in Fig. 
2.5, the accuracy is improved, where we measure the separation in the 2X 
photograph to be ~29.5 mm, so the actual separation, t = 14.75 mm, then a = 
3.5468×10-12 (m2) / 0.01475 /cos 60º = 4.81 Ǻ, and the error is then +1.1%.  
This is likely the lower error limit for this method in this RHEED system. 
 
2.9 REFLECTION ELECTRON ENERGY LOSS SPECTROSCOPY (REELS) 
Electron energy loss spectroscopy (EELS) is an analysis technique used to 
reveal information on the elemental composition and chemical nature of 
samples.  It is most commonly employed in transmission electron microscopy 
(TEM).  A beam of electrons is directed to impinge upon penetrate and emerge 
from a sample material whereupon diffraction is mainly an elastic scattering 
event but some of the electrons experience inelastic scattering.  These 
scattering energy losses are detected and their intensity recorded and plotted as 
a function of energy loss referenced from the peak energy of the elastically 
scattered beam in units of electron volts (eV). 
REELS spectra in this MBE system were detected using a retarding grid 
spectrometer (Staib Instruments, Williamsburg, Virginia, Model RHEA-100).  
The data were recorded for the low energy loss regime, typically at a 
spectrometer pass energy for the first 55 eV of the loss spectrum.  This 
spectrometer records the intensity variations of the diffracted electron image on 
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the phosphor screen as sensed by a photomultiplier tube. The spectrometer’s 
retarding grid was set to  step in 0.2 Volt increments.  The intensity signal was 
filtered by a phase lock-in amplifier and recorded on a computer running Staib 
Instrumente WinSpektro REELS software.  The electron energy loss was then 
measured with reference to the maximum of the elastic loss peak, designated as 
0 eV, and the energy loss value was taken to be at the maximum(s) of any 
observable loss peak(s).  The main features in the loss spectra were from 
plasmon losses and some from interband transitions and ionization energies.  
This was expected as it is well documented in the literature.8,9,10,11 
To minimize beam incident angle effects in our study, the angle of the 
beam to the sample plane was carefully maintained constant at 2º.  Multiple 
measurements of a sample performed in situ after growth indicate that 
repeatability of the maximum peak position is within ± 0.1 eV for this 
instrument. 
 
2.10 RHEED INSTRUMENTATION SETTINGS 
The following sections are meant as a guide to those who will use these 
instruments in future studies. 
2.10.1  k-Space kSA 400 Software Settings: 
Open the kSA 400 software and click on the movie camera icon in 
the toolbar. 
Right-click on the video window and Select Properties 
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The Camera tab should have the selection: Camera: BP-M1/KP-
M1 
Under the General tab, set Average (#frames) to 10 and click 
Apply 
Leave the Exposure Time at 33.28 ms (the lowest setting). 
Under the A/D tab, set the Black Level to 50400, and the White 
Level to 715000. 
Under the Palette tab, set Mapping to maximized,  
and set Palette to whatever color scheme you prefer. 
2.10.2  WinSpektro 32 Software Settings: 
Open WinSpektro 32 and click Spektro, XPS. 
Click Set-Parameter, Calibrate, Energy =1000.0 Volt; 
Multiplier = -500.0 Volt  
Resolution Threshold = 0.50 
Click Set-Parameter, Set-scan adjust Start/Stop Energy as desired, 
e.g., 0-100 
Step Width = 0.500 eV  
Select dE [eV] = 1.00 
Dwell-Time [ms] = 100 [to 300], 
Retrace-Time [ms]=500. 
Click Scan Mode, set whichever mode desired, e.g., Accumulate, 
50 repetitions. 
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Click Signal-Source, = Analog. 
Click Signal*, = Analog-Signal (*not needed; for indication only) 
Click Functions, F1-Run/Hold, to start the data collection. 
 
2.10.3  RHEED Hardware Settings on the RHEED Power Supply: 
Beam energy: 20 keV 
Filament Current (IF): ~1.5A (NOT TO EXCEED 1.8A) 
Beam Current (IE): 0.4 to 3.0 µA, dependent on the sample 
scattering factors 
Digit Potentiometers: 
Energy: 5.72, Filament: ~8.20 to ~8.80, Grid: 3.30, Focus: 5.16 
Note: Grid and Focus are adjusted to give the sharpest and 
brightest direct beam spot with as little diffuse scattering as possible.  
 
2.11. REELS INSTRUMENTATION SETTINGS 
The following sections are meant as a guide to those who will use these 
instruments in future studies. 
2.11.1.  RHEED Analyzer Power Supply (REELS) settings: 
Lens: 7.51 
Screen: 3.28  
Modulation: (ON), set at ~3.00  do not over-modulate—the REELS 
spectrum will be affected 
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Energy: 19900 to 19930,   
DELTA E: 0 - 300V to monitor Phase lock amplifier meter 
deflection. 
2.11.2  Detector power supply settings: 
-0.40 kV (setting for detection from a full RHEED pattern), -0.60 
kV (setting for detection from a single RHEED spot). 
2.11.3  Pan Control settings: 
Shift x: Current= 0.17,  
this corresponded to a digitswitch setting of: 8.77 
Shift y: Current= 0.03,  
this corresponded to a digitswitch setting of: 5.16 
2.11.4  Phase Lock Amplifier (Scitec Instruments Ltd.) settings:  
Phase Shift selector switch: 90 deg. + 60 degrees on continuous 
knob (150 deg total) 
Input sensitivity: 3mV 
Output time constant: 100ms 
Offset: = OFF 
***The amplifier display meter gives EELS spectrum readout as the 
“POWER SUPPLY.”  
The Delta-E potentiometer is adjusted through the retarding 
voltage scan range---use as a setup tool only if necessary. 
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CHAPTER 3 
REELS and RHEED of the group III metals 
 
3.1. INTRODUCTION 
Here is presented the results of an investigation into the effects of surface 
topography on reflection electron energy loss spectra (REELS) of group III 
metals deposited in a  molecular beam Epitaxy (MBE) chamber.  Included are 
results from the concurrent use of reflection high energy electron diffraction 
(RHEED) and atomic force microscopy (AFM) that support the description of 
the surface topography. 
Thin films of materials are used in nearly every commercial electronic 
component.  Control of the structural, electronic and chemical properties of 
these films is crucial to the performance of these devices.  A monitoring and 
control technique for the molecular beam epitaxy (MBE) fabrication process 
that provides in situ information on the chemical composition and electronic 
properties with high surface sensitivity would be highly desirable.  Reflection 
electron energy loss spectroscopy (REELS) may be such a technique.  It 
provides quantitative information on the energy of atomic core levels, occupied 
and partially occupied bands, and surface and bulk plasmons.1, 2 
Reflection high energy electron diffraction analysis is a highly surface 
sensitive in situ technique commonly used in MBE growth for analysis of the 
surface structure of the materials.  The grazing angle beam interacts with only a 
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shallow volume of the material if the surface is atomically smooth.  It is well 
known that with those conditions the pattern exhibits Bragg diffraction streaks.  
When the surface is rough, however, the beam is transmitted through the crests 
of the rough surface material, and the pattern is typically comprised of Bragg 
diffraction spots.  The electron beam interaction volume is determined by the 
surface characteristics, among which are the rms roughness, the grain size and 
shape of the grains.  Together these determine the amount of surface versus 
transmission (bulk) diffraction, and the diffraction pattern yields a real-time 
indication of the surface qualities of the growing film.  REELS and RHEED 
can both be performed simultaneously, using much of the same hardware, 
which encourages the investigation into the usefulness of the combined 
instrumentation. 
Nikzad et al. demonstrated that REELS can be readily used for in situ 
quantitative analysis of GaAs, CdTe, ZnTe, and GexSi1-x surfaces during MBE 
growth.3   The composition of those semiconductors was determined by 
monitoring integrated REELS core losses at the 2˚ grazing beam angle used 
concomitantly for RHEED analysis.  Unfortunately, the intensity of the core 
losses was found to be small compared to the background and significant data 
analysis was required to obtain quantitative values, making it questionable 
whether this method could be used for real-time monitoring.  The paper did, 
however, report that strong signals could be readily obtained from ex-situ 
REELS measurements of plasmon losses using a high incident angle. 
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Sensitivity of the REELS spectra to film thickness has been investigated.  
Atwater et al. reported that REELS core loss spectra at RHEED geometries 
provide short range structural information from monolayer films with a 
detection limit of 1% of a monolayer.4   Paparazzo proposed that the intensities 
of the EELS bulk and surface plasmons may be used to determine the coverage 
and thickness of a native Al2O3 overlayer on Al.5   Paparazzo’s study used an 
ex-situ EELS measurement at a 45˚ incident angle to monitor the evolution of 
the alumina plasmons from Al3+ to Al0 while the film was thinned by Ar+ ion 
beam etching. 
The first question I wish to address in the experiments with these group 
III metals is whether in situ measurements of plasma losses provide valuable 
information for process control?  A second relevant question is whether the 
spectra can be readily obtained using a grazing angle geometry, allowing this 
technique to be incorporated into existing MBE systems with standard RHEED 
analysis capabilities?  Finally, what is the surface sensitivity of this technique 
when it is performed at grazing angles? 
To the best of our knowledge these questions have not been adequately 
addressed.  In this chapter the results of REELS measurements of elemental 
group-III metal films performed at a 2˚ grazing angle are reported.  These 
results provide relevant information that can help to answer those three 
important questions. 
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3.2. EXPERIMENT 
Silicon (111) and sapphire (0001) were chosen as substrates as they are 
atomically smooth, relatively inexpensive and readily available.  In the near 
future we plan to investigate the REELS spectra of III-N semiconductors and 
these substrates are known to promote epitaxy for these materials.  The silicon 
substrates were cleaned in ultrasonic baths of acetone and then ethanol.  They 
were then etched for two minutes in a 1:1 H2O-hydrofluoric acid solution.  
Sapphire substrates were cleaned in organic solvent baths then placed in the 
MBE chamber, heated to 800˚C and exposed to a 2x10-4 Torr 250 W Ar 
plasma. 
Elemental metal films of Al, Ga, and In were deposited from effusion 
cells onto the substrates in the MBE chamber, and their EELS spectra were 
recorded.  The substrates were maintained at room temperature during 
deposition.  The effusion-cell temperatures used to evaporate the metals for the 
samples were 1125, 925, and 800˚C, producing growth rates of 1.8 nm/min for 
Al, 1.1 nm/min for Ga, and 1.6 nm/min for In, respectively.  The experiment to 
determine beam probe depth required a slower aluminum deposition rate in 
order to provide EELS spectra with small incremental changes in metal film 
coverage.  Hence, that experiment was performed using a 925˚C Al effusion 
cell temperature with a resulting deposition rate of 0.03 nm/min. 
The 1 cm2 substrates were mounted on a platen that was load locked onto 
a 5-axis sample manipulator.  The chamber base pressure was <5x10-9 Torr.  
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RHEED and REELS were performed using a Staib Instruments EK-35-R 
electron gun operating at 20 keV at a 2° grazing angle.6   The RHEED image 
viewed on a phosphor screen was captured with a Peltier-cooled CCD camera.   
Images were taken of the bare substrates, of the films during growth, and the 
finished films at room temperature.  REELS spectra were collected from all of 
the Bragg reflections in the diffraction pattern on the phosphor screen by 
means of a photomultiplier tube.  The signal was sampled using a phase lock 
amplifier and a computer equipped with software recording the REELS data.  
The estimated experimental error due to instrument broadening and 
experimental scatter for determination of the plasmon energy peak position was 
determined to be ±0.5 eV, as evidenced by the repeatability of plasmon peak 
energy data both from the same and similar films.  Ratios of the elastic peak 
height to those of the energy loss peaks was found to be similar to previously 
reported experimental results.7   The direct-beam FWHM (Full Width at Half 
Maximum) of ~1 eV is broadened in diffraction mode to ~5 eV.  Some of the 
degradation in resolution comes from application of the spherical aberration of 
the lens system to the increased spatial extent of the electron beam when it 
impinges on the sample at a glancing angle. Additional degradation in 
resolution comes from small energy losses due to inelastic scattering of 
electrons at this low angle. 
Rutherford Backscattering Spectrometry (RBS), X-ray Diffractometry 
(XRD), and Atomic Force Microscopy (AFM) were employed to analyze film 
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thickness, composition, crystallinity, and surface roughness.  These results 
were correlated with the REELS spectra. 
 
3.3. RESULTS 
Results of in situ REELS spectra from the low energy loss region of Al, Ga, 
and In on silicon and sapphire are shown in Figs. 3.1 and 3.2, respectively.  
The plasmon peaks in Figs. 3.1 and 3.2 fall near earlier reported values for the 
surface and bulk plasmon energies shown in Table 3.1.8, 9   Resonant peaks in 
these REELS spectra appearing at multiples of the plasmon energies are due to 
plural scattering of the incident beam electrons and decay in intensity with each 
additional loss as the probability of multiple scatterings decreases.  In the 
figures, the spectra are normalized to the amplitude of the zero-loss peak and a 
vertical offset to each spectrum was added for clarity. 
AFM images of the surfaces of the Al/Si, Ga/Si, In/Si, and Al/sapphire 
films are shown in Fig. 3.3(a-d). The Al/Si film had an rms roughness of 6.3 
nm, as seen in Fig. 3.3(a).  The Al/Si and Al/sapphire RHEED images can be 
compared in Fig. 3.4(a-b).  The low intensity of the diffraction spots and the 
absence of Bragg diffraction streaks in the in situ RHEED image of the Al/Si 
film indicated a rough surface in Fig. 3.4(a).  The thickness of the Al on Si film 
was measured to be 57 nm by RBS.  The 6.3 nm rms roughness along with 
sharply peaked 100 nm diameter grains results in the excitation of the Al bulk 
plasmon peak at 15.4 eV.  Channeling mode RBS indicated the film was not 
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epitaxial, i.e., no preferential channeling orientation was found.  The presence 
of (1 1 1) and (2 0 0) Al Bragg diffraction peaks in X-ray diffraction data from 
the same sample indicated that the Al film was polycrystalline. 
The Ga-on-Si film shown in Fig. 3.3(b) was 70 nm thick with a grain size 
of 100 nm and an rms roughness of 31 nm.  The In-on-Si film in Fig. 3.3(c) 
was measured to be 120 nm thick with a grain size of 280 nm and an rms 
roughness of 52 nm. The REELS signal from Ga/Si at 12.8 eV and In/Si at 9.9 
eV are between the values of bulk and surface plasmon losses, with the In 
signal closer to the its surface value, and the Ga signal closer to its bulk value.  
The Ga/Si peak position and broadness can be attributed to a summation of 
surface and bulk plasmons resulting from the surface roughness, relatively 
small grain size, rounded shape, and the discernable spacing between the grains.  
The In/Si peak also exhibits a broadening, but to a lesser degree, and the 
plasmon signal is closer to the surface value as a significant fraction of the 
surface is comprised of these large flat regions.
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FIG. 3.1  EELS spectra of Al, Ga, and In metal deposited by Molecular Beam 
Epitaxy (MBE) on room temperature silicon (111) substrates.  A spectrum 
taken from a bare silicon substrate is also shown.   
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FIG. 3.2  EELS spectra of Al, Ga, and In deposited by Molecular Beam 
Epitaxy (MBE) on room temperature sapphire (0001) substrates. 
 
TABLE 3.1  Bulk and surface plasmon energy losses for Al, Ga, and In from 
the literature.7, 8 
══════════════════════════ 
Metal     Bulk Plasmon   Surface Plasmon 
────────────────────────── 
   Al         15.3 eV     10.3 eV 
   Ga         13.9 eV     10.2 eV 
   In         11.3 eV       8.7 eV 
══════════════════════════ 
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FIG. 3.3  AFM images of (a) an aluminum film on silicon, 57 nm thick, rms 
roughness of 6.3 nm,  (b) a gallium film on Si, 70 nm thick, rms roughness 31 
nm, (c) an indium film on Si, 120 nm thick, rms roughness 52 nm: note planar 
tops on large crystals, (d) an aluminum film on sapphire, 160 nm thick, rms 
roughness of 0.8 nm. 
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Growth of aluminum on sapphire yielded epitaxial films that were much 
smoother than the Al-on-Si films.  AFM measured the rms roughness of the 
Al/sapphire film to be 0.8 nm seen in Fig. 3.3(d).  XRD measurements 
indicated that the films are expitaxial, in that the Al (111) and substrate (0001) 
X-ray peaks were of nearly equal intensities and no other orientations were 
detectable.   RBS results gave a film thickness of 160 nm.  The figure of merit 
for channeling RBS is defined as χmin, and is the ratio of the maximum yield of 
ions backscattered from the beam at the best channeling orientation to that at 
an off-axis orientation. The observation of significant channeling with a χmin 
parameter of 0.6 indicates that the film is highly oriented.   
RHEED diffraction patterns of Al films on Si were compared to Al on 
sapphire (Fig. 3.4(a) and 3.4(b) respectively).  The RHEED pattern for the Al 
film on sapphire revealed the characteristic streaks of smooth epitaxial growth 
in Fig. 3.4(b).  Results for REELS spectra of the group III metals on sapphire 
seen above in Fig. 3.2 reveal an Al peak at 10.7 eV that falls near the 
experimental surface plasmon value given in Table 3.1. 
In deposited on top of an Al film on sapphire evolved as large widely 
spaced In islands on the underlying Al.  The electron beam interaction with the 
flat tops and exposed sides of these In islands yielded a REELS peak at 10.3 
eV that falls between the tabular value for In surface and In bulk plasmons.  A 
Ga/sapphire film yielded a yet broader plasmon peak at 12.5 eV which is 
between the Ga surface and Ga bulk plasmon values (Fig. 3.2).  These results 
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FIG. 3.4  RHEED diffraction patterns from (a) Al on a silicon (111) substrate, 
beam || to [110], and (b) Al on a sapphire (0001) substrate, beam || to 1 1 2 0 . 
 
 
 
 
 
FIG. 3.5  AFM images of indium and aluminum films on sapphire. (a) 200 nm 
thick indium, 1000 nm grain size, rms roughness of 41.5 nm. (b) 14 nm thick 
aluminum, 100 nm grain size, rms roughness of 3.5 nm.
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are similar to the peak broadening reported above for Ga and In on silicon 
substrates and arise from a combination of bulk and surface plasmon 
excitations. 
An In film was deposited directly on sapphire and REELS spectra were 
recorded at regular intervals during growth.  The 200 nm thick film had an rms 
roughness of 41.5 nm and a very large 1000 nm grain size (Fig. 3.5(a)), which 
is significantly larger than the grains of the In on Si film (compare Fig. 3.5(a) 
to Fig. 3.3(c)).  The energy of the plasmon excitation from these larger grains 
at ~9 eV in Fig. 3.6(a) closely approaches the 8.7 eV In surface plasmon value. 
Next we describe experiments that give important information on the 
probe depth of the REELS electron beam in the reflective spectroscopic mode.  
The Al film was measured by RBS, AFM, and profilometer to be ~ 3 nm thick 
after 100 minutes growth; hence the growth rate was 0.03 nm/minute.  The 
aluminum film rms surface roughness was measured by tapping-mode AFM to 
be 0.7 nm (Fig. 3.7).  During the growth, the spectra changed from the 
characteristics of bare sapphire to that of aluminum (Fig. 3.8).  The 21.4 eV 
sapphire plasmon signal decreased continuously and finally disappeared after 
~1.2 nm of growth.  The aluminum 10.5 eV surface plasmon peak began to 
appear after ~0.6 nm thickness, showing REELS sensitivity to be ~1 nm 
thickness .  A plot of the natural log of the intensity of the 21.4 eV sapphire 
bulk peak versus the film thickness (Fig. 3.9) gives a characteristic escape 
depth of 0.8 nm.  
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FIG. 3.6  REELS spectra from (a) indium on sapphire, and (b) aluminum on 
sapphire.   Large In grains results in the excitation of predominantly surface 
plasmons.  Small Al grain size results in the excitation of predominantly bulk 
plasmons. 
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FIG. 3.7  AFM images of the 3 nm thick aluminum film on sapphire.  This film 
had an rms roughness of 0.7 nm. 
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FIG. 3.8  REELS spectra from the growth of aluminum on sapphire.  The peak 
in the spectrum evolves from 21.4 eV for sapphire to the 10.5 eV aluminum 
surface plasmon.  The sapphire signal diminishes with increasing coverage and 
the aluminum signal dominates after 1.2 nm growth. 
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FIG. 3.9  Data analysis for the 3 nm Al film spectra series seen in Fig. 3.7.  The 
analysis of the sapphire peak height above the background for each 0.3 nm 
growth interval gave a characteristic escape depth of 0.8 nm. 
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Background subtraction in this  analysis was accomplished by using a linear 
extension of the interval between 30 and 35 eV, as it appeared to be both linear 
and nearly featureless. 
Another experiment was performed up to thicker Al layer coverage on 
sapphire.  This film was 14 nm thick and had a grain size of 100 nm.  The 
topography roughened at this thicker coverage to an rms roughness of 3.5 nm, 
see Fig. 5(b) above.  The REELS spectrum of this film revealed characteristics 
during the initial stages of growth similar to the previously mentioned film.  
However, after the completion of 14 nm of coverage the corresponding 
increase in roughness coupled with a relatively small grain size resulted in the 
excitation of predominantly the bulk plasmon; the surface plasmon was still 
present but much less intense than that shown in Fig. 6(b). 
 
3.4. DISCUSSION 
One of the important lessons learned from this study is that clearly the 
surface topography strongly influences the REELS plasmon spectra. Smooth 
Al films with <1 nm rms roughness exhibited surface plasmon peaks.  Both 
surface and bulk plasmons were seen from an Al film with an rms roughness of 
3.5 nm.  Aluminum surfaces with >5 nm rms roughness yielded only bulk 
plasmon peaks. We also note that the In-on-Si film exhibited a peak closer to 
the surface plasmon energy even though it had an rms roughness much greater 
than that of either the Al or Ga films.  This anomaly can be explained by the 
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characteristics of the indium crystals. AFM images of the In film on Si 
revealed flat-topped crystals (Fig. 3.3(c) and Fig. 3.5(a)) which diffract the 
grazing angle beam mostly off of those flat surfaces and thus excite 
predominantly surface plasmons. 
The relative excitation of the surface-to-bulk plasmons is strongly 
influenced by the topographical character of the surfaces. This is explained by 
the interaction of the grazing angle electron beam with specific characteristics 
of the surface roughness.  The closely spaced sharp- peaked grains on the Al/Si 
film surface illustrated in Fig. 3.3(a) facilitated electron beam transmission 
through the narrow tops, resulting in excitation of predominantly bulk 
plasmons despite having the smoothest rms roughness of the three metal films 
on Si.  The rounded tops of the Ga topography allowed less transmission and 
therefore a combination of bulk and surface plasmons resulted.  Larger crystals 
with flat tops of the In films (Fig. 3.3(c) and 3.6(a)) excited mainly surface 
plasmons even though it had the largest rms roughness as a result of the deep 
surface crevices.  It is clear that the dominant signal at the detector in this 
glancing angle geometry arises from the electrons diffracted from the top 
surfaces of the large indium grains.  This conclusion is consistent for indium 
deposited on both silicon and sapphire substrates.  It is also clear that rms 
roughness alone is not a sufficient figure-of-merit and differences in surface 
topographical characteristics need to be considered when analyzing REELS 
data. 
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The electron escape depth result of 0.8 nm is significantly larger than the 
anticipated value of ~0.25 nm that comes from the product of the sine of the 
grazing angle times the established electron mean free path length for 20 kV 
electrons.10, 11   This is not surprising given that the expected surface sensitivity 
was on the order of a single monolayer.  In this circumstance, one would not 
expect the exponential decay model that assumes a homogeneous material 
without taking into account the discrete atomic nature of materials to be 
accurate. 
 
3.5. CONCLUSIONS 
Grazing angle electrons at 20 keV excite predominantly the surface 
plasmons of Al films if the rms roughness is less than 1 nm.  In contrast, bulk 
plasmon peaks are most evident in the spectra when the surface rms roughness 
was greater than 5 nm.  Surface and bulk plasmon peaks were simultaneously 
excited for intermediate surface roughness, as found in aluminum films when 
the surface roughness was on the order of 3.5 nm.  We also note that the 
relative excitation of surface to bulk plasmons is strongly influenced by the 
topographical character of the surfaces, as in the cases of the large flat-topped 
crystals of the In/Si, and In/sapphire films (Fig. 3.3(c) and Fig. 5(a)) .  In this 
case, REELS plasmon spectra tend toward surface plasmon energies with 
larger grain size and flatter tops.  The smaller grains and rounded tops of the 
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Ga/Si topography (Fig. 3.3(b)) facilitate transmission, and therefore the 
excitation of bulk plasmons dominates the spectrum of the gallium film. 
Extinction measurements with REELS operated with a 20 keV beam 
incident at a 2° angle to a flat Al surface were used to infer a probe depth of 0.8 
nm. 
The results of this study demonstrate that the REELS spectra can be used 
to give valuable real-time information on the surface properties of metallic thin 
films during growth.  The techniques and methods discussed here can be 
readily extended to give insight into the growth of other thin film systems such 
as MBE-grown III-V semiconductors, sputtered oxides and other vacuum 
deposited materials. 
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CHAPTER 4 
Thin film growth of AlN, GaN and InN as monitored by concurrent in situ 
RHEED and REELS 
 
4.1. INTRODUCTION 
Group III-nitride films are technologically important materials  Their 
electronic properties include direct band gaps that range in energy from 0.7 eV 
for InN to 3.4 eV for GaN and ultimately to 6.2 eV for AlN.  These materials 
have a wide range of commercial applications.  Commercial products such as 
LEDs and semiconductor lasers with emissions engineered within the range of 
infra-red to ultra-violet wavelengths are synthesized from these alloys where 
varying the cation content of each atomic species determines the band gap.  
The growing solid-state III-N lighting industry may soon outpace incandescent 
and fluorescent lighting technologies to capture the worldwide market as a 
result of their device’s greater energy efficiency and increased service life.  The 
wide band gaps of the III-nitrides are exploited to fabricate high-power, high-
frequency and high-temperature devices including high electron mobility 
transistors (HEMTs).1   
This growing market demand for III-N devices continues to stimulate the 
search for methods to control and improve their quality and manufacturability.  
Real-time monitoring of thin film surface composition and morphology during 
growth by molecular beam epitaxy (MBE) would allow variations from ideal 
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growth conditions to be quickly identified so process control may be restored 
in real-time. 
Electron energy loss spectroscopy (EELS) in the reflection mode (i.e. 
REELS) monitors characteristic excitation spectra of the surface and near 
surface2,3 and can be used to determine quantitative information on the 
chemical composition and electronic properties of the film.  The interactions 
between the sample and the electron beam in this glancing angle mode result in 
energy loss signals associated with intraband and interband transitions and 
surface and bulk plasmons.  Cross-sections of core-level transitions from 
electron excitation in this geometry are small and are thus not readily observed.  
The plasmon signal is a response to the electron density of the band within the 
beam interaction volume, i.e., those electrons that are capable of significant 
collective excitation.  The product of the inelastic mean free path and the sine 
of the incident beam angle to the surface determines the depth of the 
interaction, so information is primarily obtained from the near-surface region 
of the sample.   
Most prior EELS studies of III-V materials have been carried out in 
separate surface analysis chambers or transmission electron microscopes.  
There are, however, reports of EELS performed in situ during thin film growth 
of Sn,4 Ge,4 GaAs,5,6 and AlAs5,6.  The study by Atwater et al.4 utilized a 
reflection geometry at the resonant angles to observe core level losses from a 
specialized EELS spectrometer.4  To perform REELS, Braun et al.5,6 used a 
51 
glancing angle geometry with a retarding grid detector in a conventional MBE 
systems.  This allowed the REELS instrumentation to share the RHEED 
(reflection high energy electron diffraction) electron source and phosphor 
screen hardware so that both techniques can be performed concomitantly.5—8  
RHEED diffraction provides valuable information on the surface atomic 
structure and the intensity oscillations provide accurate measurements of the 
film thickness.   
We have taken a similar approach to that of Braun, as described in 
References 5 and 6.  In this way, information is obtained in real-time, and 
spectra may be taken in as little as five minutes.  Analytical software has 
recently become available that simulates the REELS spectrum in good 
agreement with experimental results for thin film surfaces.9   Our previous 
work with this instrument on smooth metallic films confirmed the surface 
sensitivity of this technique where information from REELS at a 2º glancing 
angle comes only from the top 1 nm of the film.10   This arrangement is 
suitable for thin film and interface growth monitoring in MBE systems. 
III-N semiconductors were chosen for the in situ REELS and RHEED 
investigation reported here because their surface exhibits a wide range of 
surface textures during growth, a significant range in valence band electron 
densities and their practical utility.   
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To our knowledge, the concurrent in situ monitoring of the diffraction 
RHEED pattern and REELS low energy plasmon spectroscopy had not been 
explored for III-nitride film growth prior to this work.  
  
4.2. EXPERIMENT 
All sample substrates were 1 cm2, coated with titanium by thermal 
evaporation on their back surfaces to make them opaque to radiation from the 
sample heater.  The heater platen was recessed 0.5 mm from the back of the 
sample, and touches it only at the sample edges, causing the heat transfer to be 
mainly from radiation, thereby improving uniformity of the temperature across 
the sample.  An optical pyrometer was used to monitor the substrate 
temperature. 
Sapphire (0001), SiC (0001) and MOCVD-grown GaN buffered sapphire 
(0001) substrates were first cleaned with organic solvents.  Sapphire (0001) 
substrates were further cleaned subsequently in the MBE chamber with an Ar 
plasma at 1000 ºC, a pressure of 2×10-4 Torr and RF power of 300W.  SiC 
(0001) substrates were additionally cleaned in HNO3/DI water 1:1 for 2 
minutes, then finally in HF/DI 1:1 for 2 minutes, then similarly plasma cleaned 
in the UHV chamber.  MOCVD-grown GaN buffered sapphire (0001) further 
cleaned in HF/DI 1:1 followed by HCl/DI 1:1, each for 1 minute, then plasma 
cleaned but at the lower temperature of 700 ºC to avoid decomposition of the 
GaN. 
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AlN, GaN and InN films of more than 30 nm thickness were deposited by 
plasma-enhanced MBE in an unbaked UHV chamber with a base pressure of 
<5x10-9 Torr.  This system was equipped with Al, Ga, and In effusion cells and 
a microwave activated nitrogen plasma source (SVT Associates, Eden Prairie, 
Minnesota).  The InN and GaN were grown at N2 flow rates between 0.4 and 
0.8 SCCM together with Ar at 1.0 SCCM and RF plasma power of 250 to 
300W.  AlN was grown at a N2 flow of 1.5 SCCM, an Ar flow of 1.75 SCCM 
and an RF plasma power of 300W.  These gas flow rates resulted in chamber 
pressures of 3 ×10-4 to 5 ×10-4 Torr.  These various growth conditions for these 
films produced samples that have widely varied surface textures, some quite 
smooth and others with very rough surfaces; this gave the wide range of 
textures from which the REELS spectra were taken.  The roughest and 
smoothest of our InN, GaN and AlN samples were selected for establishing 
these limits of the REELS spectra for these three materials. 
RHEED images from reflection of a 20 keV electron beam onto a 
phosphor screen were captured by a Peltier-cooled CCD camera from the 
substrates prior to growth, from the films during growth, and from the finished 
films when cooled to room temperature.  REELS spectra were measured using 
a retarding grid spectrometer (Staib Instruments, Williamsburg, Virginia, 
Model RHEA-100) at a pass energy for the first 55 eV of the loss spectrum.  
The spectrometer recorded the intensity variations of the diffracted electron 
image on the phosphor screen as sensed by a photomultiplier tube. The 
54 
spectrometer’s retarding grid was stepped in 0.2 Volt increments as the 
intensity signal was filtered by a phase lock-in amplifier and recorded on a 
computer running Staib Instrumente WinSpektro REELS software. 
The angle of the beam to the sample plane was set at 2º.  Multiple 
measurements of a sample performed in situ after growth indicate that 
repeatability of the maximum plasmon peak position is within ±0.1 eV for this 
instrument. 
Rutherford Backscattering Spectroscopy (RBS), X-ray diffractometry 
(XRD) θ-2θ scans, and tapping-mode Atomic Force Microscopy (AFM) were 
used to determine film composition, crystal structure, and surface topography.  
These ex situ results were compared with the in situ REELS and RHEED data. 
 
4.3. RESULTS 
To gain insight into the REELS method, the plasmon spectra for each 
material is estimated from the theoretical bulk plasma energy equation, Ebulk = 
hυ = h(ne2/4π2ε0m)1/2, where υ is the plasma frequency, n is the valence 
electron density in the material, e is the fundamental charge, ε0 is the 
permittivity of free space, m is the electron mass, and h is Planck’s constant.  
Surface plasmons energies were estimated by [h(ne2/4π2ε0m)1/2] / 21/2.  The 
REELS spectra results were recorded for both the roughest and smoothest films 
(as judged from AFM measurements) of our AlN, GaN and InN experimental 
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film surfaces.  Values for plasmon energies from our calculations, our 
experimental results and also from the literature11-13 are summarized in Table I.  
The roughest AlN, GaN and InN films yielded significantly different 
energies from each other, at 21.4 eV, 19.4 eV and 15.1 eV, respectively, 
approaching their respective theoretical bulk plasmon values of 21.5 eV, 19.5 
eV and 15.5 eV.  The smoother AlN, GaN and InN films yielded loss peak 
maxima at lower energy than the rougher films, at 16.9, 15.3 and 13.5 eV, 
respectively, closer to their estimated surface plasmon energies.  REELS 
spectra from rough and smooth films of each of the three materials and the 
estimated plasmon values are shown in Fig. 4.1. 
The RHEED patterns, AFM images, and REELS spectra are shown 
together in Fig.s 4.2-4.4 each for a pair of AlN, GaN and InN films used in this 
study.  In Fig. 4.2 differences are seen between rough and smooth AlN films.   
the film shown in Fig. 4.2(b) has its plasmon energy at 21.4 eV, a spotty 
RHEED pattern and a rougher AFM micrograph.  Dotted lines intersecting the 
energy axis of the REELS spectrum depict the bulk (higher) and surface 
(lower) theoretical plasmon losses for the material.  Similarly, AFM, RHEED 
and REELS results are illustrated for smooth films of GaN (Fig. 4.3(a)) and 
InN (Fig. 4.4(a)) and the rough films of GaN (Fig. 4.3(b)) and InN (Fig. 
4.4(b)).
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TABLE 4.1  The extrema of the ranges of plasmon energy losses from thin 
films of AlN, GaN and InN are shown here.  The experimental results are 
kinetic energy losses from a beam of 20 keV electrons incident to the sample 
surface at a 2º glancing angle.  The low and high experimental values for each 
type of material fall within the calculated plasmon energy range of surface 
(lower limit) and bulk (upper limit) values for these materials.  The rightmost 
column lists bulk plasmon values from the literature references.11,13 
_______________________________________________________________ 
III-V Material    Exp. results (eV)     Calc. values (eV)            Lit. Ref. 
    Min.           Max.      Surface      Bulk            Bulk 
        AlN     16.9            21.4        15.2            21.5    21.2 (11) 
        GaN     15.3            19.4        13.8            19.5    19.5 (11) 
         InN     13.5            15.1        11.0            15.5    15.5 (13) 
 
A plasmon energy loss of 16.9 eV was observed together with a streaky 
RHEED pattern and a smooth AFM micrograph in Fig. 4.2(a).  The result for  
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FIG. 4.1  REELS energy loss spectra from AlN, GaN and InN.  The plasmon 
peak maxima of the AlN, GaN and InN spectra occur within different 
characteristic energy ranges for each material.  Surface texture effects for very 
rough films with the electron beam at a 2º incident angle to the surface yield a 
peak very close to the calculated bulk plasmon energy for that material and 
very smooth films yield a peak nearer to that material’s calculated surface 
plasmon value. 
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FIG. 4.2  REELS, RHEED and AFM of AlN.  (a) A streaky RHEED pattern 
results from beam interaction with a smooth 2-D surface. The AFM image 
indicates a smooth film. The REELS plasmon peak is at 16.9 eV, nearer to the 
surface plasmon energy than the bulk plasmon value (dotted lines, see Table I). 
(b) 3-D spots from transmission through sharp grains in the AFM indicate a 
rougher film which correlates with the 21.4 eV peak, the bulk plasmon value. 
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In order to support the qualitative assertion that superposition of bulk 
plasmons, surface plasmons and interband transitions (IBTs) create the REELS 
spectra that was seen from a nitride semiconductor, a curve fitting 
program ,OriginPro 8.6, was used to fit Gaussian peaks that yield an integrated 
curve closely matching the experimental REELS spectrum..  The results of this 
curve fitting between 8 eV and 43 eV for spectra of both smooth and rough 
AlN samples are shown in Fig. 4.3 and 4.4, respectively.  The fit is 
qualitatively quite good in this range.  The curve fitting was not continued past 
the plural bulk plasmon at 42.4 eV so the fit is seen to fall away from the 
experimental curve above that value. The fitted peaks include the inelastic 
losses from IBTs, as well as the plasmon peaks.  The curve starts with a peak 
integrated from several closely bunched low energy interband transition losses 
well fitted by a single peak at 9.4 eV.  Next are surface plasmons at 15.2 eV 
with a reduced signal at its 30.4 plural loss, then bulk plasmons at 21.2 eV with 
a reduced signal at its 42.4 eV plural loss.  Significant interband transition 
losses reported in the literature at 25.67 and 33.9 eV were also included.14 
Indeed, the inclusion of these three IBT loss peaks and their multiples were 
necessary for a good fit to the experimental spectrum, indicating that IBTs 
contribute significantly to the experimental results.  The peak positions of these 
losses and their FWHMs were held constant.  Only the intensity of the signal 
was varied to accomplish the fit. 
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Fig. 4.3  Results of curve fitting to the REELS spectrum of a smooth AlN film 
in the low energy inelastic loss range.  The curve starts at the interband 
transitions fitted by a peak at 9.4 eV, then surface plasmons at 15.2 eV, bulk 
plasmons at 21.2 eV, and the plural losses from each in this range (arrows with 
common tails).  Significant interband transition losses at 25.67 and at 33.9 eV 
were included as reported in the literature. The RHEED pattern from this 
sample is shown, indicating the smooth aspect of the surface from the streaky 
diffraction. 
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Fig. 4.4  Results of curve fitting to the REELS spectrum of a rough AlN film in 
the low energy inelastic loss range.  The curve fitting was done for this rough 
film spectrum using the same energy values for the fitted peak maxima as was 
used in the previous figure for a smooth film.  The curve starts at the interband 
transitions fitted by a peak at 9.4 eV, then surface plasmons at 15.2 eV, bulk 
plasmons at 21.2 eV, and the plural losses from each in this range (arrows with 
common tails).  Significant interband transition losses at 25.67 and at 33.9 eV 
were included as reported in the literature.  The RHEED pattern from this 
sample is shown, indicating the rough aspect of the surface from the spotted 
diffraction. 
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4.4. DISCUSSION 
It is notable that the experimentally-determined plasmon energy of the 
rougher films and the theoretical bulk values are quantitatively very close to 
each other in Table I.  The trend in characteristic bulk plasmon peak position 
for each binary nitride material can be understood by noting that these three 
compounds are isoelectronic and the lattice constant, and thus the unit cell 
volume and valence electron density, increases monotonically with cation size 
in the sequence AlN, GaN, InN. 
For rough films, the bulk plasmon contribution is expected to dominate when 
the impinging electron beam penetrates into and often through peaked 
structures, exciting predominantly bulk plasmons.  Analysis of ex situ AFM 
data indicated that the shift of the loss peak to lower energies correlates with 
the fraction of the topmost surface which lies within a few degrees from the 
sample surface plane.   
The loss spectra of very rough films, i.e., films having only a tiny fraction 
of the surface within a few degrees of parallel to the incident beam, are nearly 
at the theoretical bulk plasmon value as surface plasmon contributions become 
very small compared to the bulk plasmon excitation.  We did not detect the 
surface plasmon contribution from the roughest films, as their intensity is too 
small to be independently distinguished in the spectra.  The large level of noise 
inherent to this style of retarding grid analyzer precludes high sensitivity 
measurements, as initially elucidated by Braun.5,6 
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FIG. 4.3  REELS, RHEED and AFM images of GaN.  (a) REELS peak is at 
15.3 eV, nearer the surface plasmon value than the bulk plasmon value (dotted 
lines, see Table I).  RHEED has both streaks and spots, and AFM shows an 
undulating surface and slightly peaked shallow grains.  (b) REELS peak at 19.4 
eV, RHEED is spotty.  Grains are taller and sharply peaked. 
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FIG. 4.4  REELS spectra, RHEED patterns and AFM images of InN.  The 
smooth surface of the film in (a) yields a plasmon peak at 13.5 eV, a streaky 
RHEED pattern and AFM image of large flat areas and few asperities. (b) a 
plasmon loss peak at a higher value of 15.1 eV, a spotty RHEED pattern and 
smaller more sharply peaked grains indicating a rougher film than in (a).
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Comparison of the plasmon peak maxima from the smoothest of our 
experimental films shows that all of the experimentally observed plasmon peak 
maxima fall at slightly higher energies than the calculated surface plasmon 
value, even for very flat films.  The reason for this is unclear.  It may be that 
significant bulk contributions are present, possibly because these modes are 
excited even on atomically flat surfaces or because the observed asperities may 
be responsible for bulk excitations.  Or, it could indicate errors in the value of 
the surface plasmon energy calculated using the overly simplified model.  
Experimental results from the literature find that both surface and bulk 
plasmon peaks for semiconductor materials are broad with a full width at half 
maximum of typically ~3 to 4 eV ranging from 3.3 eV in germanium, 3.6 eV in 
silicon, and 3.9 eV for SiC to greater than 10 eV for wide bandgap insulators 
like alumina or diamond.12  This explains why combinations of surface and 
bulk plasmon modes from semiconductor films are generally observed as a 
single broad REELS peak with its maximum at an intermediate energy 
determined by the relative intensity of the bulk and surface loss peaks. 
REELS spectra also include the contributions from electronic interband 
transitions.  Interband transition (IT) peaks can be observed as a shoulder on 
the low energy side of the plasmon peak at ~7.5 eV, ~9 eV, and ~10 eV in the 
ε2(ω) curve, for InN, GaN, and AlN, respectively, primarily as a result from 
direct interband transitions from the group III valence d-band to the 
conduction-band at M-L in the Brillouin zone.13,15  The bands are quite flat in 
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this region, corresponding to a high density of states, and therefore strong 
absorption.15  The IT peaks are readily identifiable in the AlN (~10 eV) and 
again in the GaN (~9 eV) spectra in Fig.s 4.2 and 4.3, respectively.  For InN, 
the IT peak at ~7.5 eV is again found as a shoulder on the 15.1 eV peak in Fig. 
4.4(b), but merges with and broadens the 13.5 eV peak from InN seen in Fig. 
4.4(a) where it has a greater overlap with the plasmon energy peak.  This may 
be expected to shift the peak energy maxima for smoother InN films to a 
slightly lower energy but is not expected to alter our conclusions. 
The surface texture sensitivity of REELS stems from a shallow interaction 
depth of only a few nanometers as a result of the glancing angle of the 
impinging electron beam to the sample surface.  This is apparent when 
considering that the mean free path length for 20 keV electrons, as extrapolated 
from the standard escape depth curve, is on the order of 20 nm,16 which is 
consistent with extrapolation of electron inelastic mean free path from 
theoretical calculations reported in the literature.17,18  At the electron beam 2º 
incident beam angle to the flat average surface this will give an interaction 
volume that comprises the top ~0.7 nm thickness, t, of the surface (t = 20 sine 
2º), which is in reasonable agreement with our previous experimental results 
showing extinction of the sample substrate peak after deposition of only 0.8 nm 
of aluminum metal on that surface.10 
Comparison of the in situ REELS spectra with AFM data indicates that 
excitation of bulk plasmon losses does not strongly correlate to typical figures 
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of merit for surface roughness including root mean square roughness, skew, 
kurtosis and the spatial frequencies in the power spectral density function.19  
Instead, analysis of our results indicated that a film with very large flat-topped 
grains even with very large gaps between the grains produces predominantly 
surface plasmon losses, whereas a film with small sharply-peaked grains 
produces mainly bulk plasmon losses relatively independently from the 
magnitude of their surface RMS roughness.  
Chelda et al. developed a model for electron elastic scattering and 
inelastic loss from a surface with triangular features and produced a semi-
quantitative estimate of direct interactions from single scattering and indirect 
interactions from interference between two scattering events.20  Chelda’s work 
considered a regular array of triangular features produced on Si surfaces by 
microlithographic etching, but a model that has addresses the topography of 
real surfaces has not been attempted to date.  If one considers that samples with 
a significant fraction of the topmost surface which lie within a few degrees 
from the sample’s flattened average would be expected to allow a majority of 
the beam to almost always undergo direct interactions at small glancing angles, 
presumably exciting a significant contribution from the surface plasmon mode, 
one would expect a shift of the combined peak to lower energies. In contrast, 
rough surfaces with high angle direct and significant amounts of indirect 
interactions will probe more deeply in the sample and presumably excite 
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mostly bulk plasmons and therefore the energy loss peak would appear at a 
relatively higher energy. 
A computer program was written to extract an area fraction from topmost 
half of the AFM data that lies within ±2º of the flat average surface for 
experimental samples of AlN, GaN and InN.  We noted that the shift to lower 
energies correlates with an increasing fraction of the topmost surface that lies 
within that angular tolerance from the sample flat average surface.  Those 
results of plasmon loss peak positions vs. the ±2º area fractions for these 
experimental films are illustrated in Fig. 4.5.  This model is not claimed to be 
quantitative, but a trend is evident.  So, at this point, a quantitative model of 
surface texture is not available for accurately predicting REELS spectra and 
additional experimental and theoretical work is needed to achieve this 
important goal. 
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FIG. 4.5  Chart of experimental data illustrates the trend for REELS plasmon 
energy loss from AlN (squares), GaN (triangles) and InN (solid circles) vs. the 
surface area fraction that falls within ± 2 degrees of the flat average surface 
plane as calculated from AFM data for those samples.  At the left side of the 
chart purely bulk plasmon loss values are indicated by open circles and at the 
right arrows indicate the level of estimated surface plasmon losses for each 
material.  A curve of energy loss vs. a decreasing exponential of surface area 
fraction is included as a guide to the eye (dotted lines). 
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4.5. CONCLUSIONS 
The plasmon energy loss peak maxima for very rough films as determined 
for our in situ REELS measurements were observed near their bulk plasmon 
calculated values.  These loss peaks were found to shift lower in energy toward 
surface plasmon values with increasing surface smoothness.  The energy losses 
are a superposition of the separate modes of surface plasmon and bulk plasmon 
losses and the position of the combined peak is determined by the relative 
degree of excitation of each of these modes. We note that the shift to lower 
energies correlates well with the fraction of the topmost surface which lies 
within a few degrees from the sample surface plane.  
The superposition of surface and bulk plasmons was supported by fitting 
curves to experimental REELS spectra.  The good agreement between the 
spectra and the integrated peaks of fitted peaks at the values for surface and 
bulk plasmons, interbank transitions and their plural losses supports the 
assertion that superposition of these separate loss modes results in the observed 
REELS spectra. 
Concurrent in situ observation and interpretation of the RHEED 
diffraction image and the REELS electron energy loss spectrum provide a real-
time indication that either confirms growth of the desired surface composition 
and morphology or, on the other hand, indicates that some process condition 
has gone awry at that layer of the film growth—a valuable tool for the MBE 
process. 
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CHAPTER 5 
Growth of resonant tunneling diode structures as monitored by concurrent use 
of REELS and RHEED 
 
5.1. INTRODUCTION 
A resonant tunneling diode (RTD) is a two-terminal quantum tunneling 
device that exhibits a region of negative differential resistance (NDR) in its 
current versus voltage measurement (I-V).  This NDR manifests itself as an 
“N-shaped” curve of the I-V scan as illustrated in Fig. 5.1(a).  The practical 
applications of GaN/AlN RTDs follow from their innate properties of both 
high speed switching and the negative differential resistance.  High speed 
operation results from the nanometer-scale device dimensions and through 
quantum tunneling across 2 barriers and quantized states in a GaN well.  When 
the applied voltage is at a value in between the states the tunneling probability 
is reduced since there are few or no available states in the quantum well into 
which the carriers may tunnel.  Effectively this is a region with a higher 
resistance to current flow that produces the dip in the I-V curve.  The NDR I-V 
characteristic causes the device to exhibit two or more stable states on its I-V 
curve.  These stable current states resulting from the NDR are shown in Fig. 
5.1 along with other important points on the I-V curve.  This characteristic 
indicates potential applications for these devices that differ from conventional 
diode structures.  Functional logic circuits that take advantage of the RTD 
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device’s two or more stable states have been designed that need significantly 
fewer components than similar logic circuits from conventional devices.  
Applications for memory cells and signal processing circuits have been 
demonstrated.1,2 
The tunneling probability through the RTD structure is dependent on 
many complex terms.  The tunneling is not just from the density of states in the 
electrode and across one barrier, but two barriers, which complicates the 
process considerably, and additionally the transport must take place through 
the quantum well itself.  In an RTD, the tunneling current is also dependent on 
the availability of unoccupied states in the quantum well.  If there are only few 
unoccupied states in the well at the tunneling electron’s energy, i.e., if the 
tunneling electron arrives at the well at an energy that is in between the 
quantum levels, the probability of transport is very low.  This is the physical 
reason for the NDR valley as the applied electric field increases through the 
values in between quantum states in the well. 
There are also effects on transport from charge trapping / detrapping at 
defects, large field changes from large differences in band gap energies 
between the GaN and AlN layers, huge numbers of crystal defects such as 
threading dislocations that are well known to exist in the III- nitride 
semiconductors.  All increase carrier scattering.   But the simple and real result 
is that a typical tunneling current through devices fabricated in this work, as 
measured by current vs. voltage testing, was found to be on the order of 10-8 
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amperes for devices of the 10 to 100 micron-square area range (102 µm2 to 104 
µm2 range) and at an applied voltage of ~4 volts. 
In the GaN/AlN double-barrier RTD device constructed by the process 
described in these experiments, the undoped GaN was n-type.  Moreover, 
silicon atoms as n-type impurities were intentionally added to the top and 
bottom electrode GaN material. Therefore it is given that the predominant 
charge carriers are electrons.   The carrier concentration of the Si:GaN was 
analyzed by another student, Lei Zhang, in the van der Pauw Hall technique 
and found to be n-type and 3 ×1018 cm-3.  This doping improved the conduction 
by decreasing the resistivity of the electrodes.  However, the electrode doping 
was discontinued when within ~10 nm of the barriers to avoid having a highly 
doped region near the barrier/electrode interfaces that would populate the states 
in the well. 
The work presented here was a continued investigation into the 
information given by the in situ and concurrent use of the RHEED and REELS 
instrumentation for determining the optimal MBE growth by MBE (molecular 
beam epitaxy) of resonant tunneling structures.  It will be seen that 
concomitant use of the two analytical tools gave real-time feedback and 
confirmation of optimal MBE growth parameters and also indicate, during 
growth, improvements in the quality of the heterojunction interfaces of these 
devices.  Also there were many lessons learned about the production and 
testing of RTDs.
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FIG. 5.1  Tunneling across the barriers through a quantized state in the well of 
a GaN-AlN RTD.  Conduction increases with applied voltage until it peaks as 
the current coincides with tunneling into the resonant state in the well (Vp, Ip).  
Increasing voltage past the peak results in a decrease in current as the density 
of available states decreases (Vv, Iv), creating negative differential resistance—
the valley voltage.  With increasing voltage, current increases again. Two 
stable states, one at (V1,I) and another at (V3,I) are important in bi-stable 
device applications. 
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If an RTD could be fabricated with transport dependent not only on 
quantum tunneling but also on the injected carrier’s spin it would add another 
degree of freedom to the control of the device.  So, this work was also aimed at 
producing a device whose current could be control with a magnetic field.  
Diluted magnetic semiconductor barriers were formed by way of doping the 
AlN barriers with chromium.  Actually this “doping” was an alloying of ~7% 
Cr in with AlN.  Reports of Cr-doping of AlN indicate it produces a dilute 
ferromagnetic semiconductor.3,4,5,6  Effectively a magnetic field would be a 
third “terminal” adding magnetic control to the resonant tunneling device.  
Such a novel device would be very useful in high-speed and low-current multi-
level logic circuits.7,8  One could combine presently utilized RTD bi-level logic 
voltage levels with magnetic control of the switching of the tunneling current 
levels.  
There are reports of inherent difficulties in growth and structure of 
GaN/AlN RTDs stemming from large band offsets and trapped charge induced 
electric fields at heterolayer interfaces.  Some success has been reported, 
though, in prior work.9  However, charge trapping and detrapping effects were 
observed which result in devices with time-dependent electrical properties.  
These resulting electrical properties are non-monotonic and the effect of filling 
and emptying of traps can mask any present tunneling characteristics.10  This 
charging and discharging was presumably at the interfaces of the GaN 
electrodes with the AlN barriers and the barriers with the quantum well. 
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FIG. 5.2  Schematic diagram of the RTD structure.  The substrate is Sapphire 
(1000) and the device is grown on a thick template of etched MOCVD GaN to 
reduce the bottom electrode series resistance.
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5.2. EXPERIMENT 
Resonant tunneling diode structures were grown by using a six layer MBE 
process for synthesis of n-doped gallium nitride top and bottom electrodes, 
double barriers of chromium-doped aluminum nitride, and an undoped 
quantum well between those barriers, all on top of a thick MOCVD grown 
GaN base layer on sapphire.  This structure is shown in schematic form in Fig. 
5.2.  The GaN electrodes were n-type doped to ~1018 cm-3 with effusion by the  
Si Knudsen cell to within a few nanometers of the AlN barriers.  This was 
accomplished by simply closing the Si effusion cell shutter 5 minutes before 
the Ga and argon/nitrogen plasma shutters. 
The experimental MBE apparatus employed to fabricate the GaN/AlN 
RTDs has been described in Chapter 2 of this document.  The RHEED and 
REELS instrumentation were used to take a sequence of in situ patterns and 
spectra of each layer before the next layer was deposited.  A series of 
measurements was taken after each of the process steps, thus: RHEED and 
REELS of the as-loaded patterned MOCVD GaN substrate, that substrate after 
it was plasma cleaned, after growth of the bottom Si-doped GaN electrode, 
then the bottom Cr-doped AlN barrier, next the undoped GaN quantum well, 
after that the top Cr:AlN barrier and finally the top Si:GaN electrode.  Fig. 5.3 
(a – f) shows the sequence of RHEED and REELS of the device growth. 
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FIG. 5.3(a)  REELS and RHEED of a patterned MOCVD template layer on 
sapphire.  This REELS spectrum of the MOCVD GaN template is a good 
example of how several distinct REELS peaks can superpose to create one 
combined peak.  The interband transition (IBT) peak, plus those of GaN at ~16 
eV and sapphire at ~21.5 eV and their second (plural) scattering peaks are 
approximated schematically by those drawn under the actual REELS spectrum 
of the MOCVD GaN template layer.  The RHEED pattern was taken along the 
[1 1 -2 0] sapphire azimuth.  The faint streaky RHEELS spots from the GaN 
(10-1)d⊥ diffraction rods are seen just inside the brighter streaky spots from 
the sapphire (11-2 0) d⊥ rods (inset). 
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FIG. 5.3(b)  REELS spectrum of the silicon-doped GaN bottom electrode 
grown over the MOCVD GaN template layer.  The layer is quite smooth as 
indicated by the 16.1 eV value of the plasmon peak.  A rough surface would 
have produced a 19.5 eV bulk GaN value.  This interpretation is supported by 
the very fine streaky RHEED pattern of this Si:GaN surface (inset). 
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FIG. 5.3(c)  REELS spectrum of the chromium-doped AlN bottom barrier 
grown over the bottom electrode layer.  The layer is quite smooth as indicated 
by the 18.1 eV value of the AlN plasmon peak. A rough surface would have 
produced a 20.5 eV bulk AlN value.  This interpretation is supported by the 
streaky RHEED pattern of this Cr:AlN surface (inset). 
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FIG. 5.3(d)  REELS spectrum of the undoped GaN quantum well grown over 
the Cr:AlN barrier layer.  The layer is not as smooth as the Si:GaN first 
electrode layer. This is made clear from a comparison of the quantum well 
REELS peak energy loss of 16.9 eV with the 16.1 eV peak from the Si:GaN 
first electrode layer seen in figure 5.3(b).  However, it remains far below the 
upper GaN energy limit of 19.5 eV expected from a very rough surface.  The 
latter interpretation is supported by the very streaky RHEED pattern from this 
GaN surface (inset). 
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FIG. 5.3(e)  REELS spectrum of the chromium-doped AlN top barrier grown 
over the undoped GaN quantum well layer.  The layer is quite smooth as 
indicated by the 18.1 eV value of the AlN plasmon peak. A very rough surface 
would have produced a 20.5 eV bulk AlN value.  This interpretation is 
supported by the streaky RHEED pattern of this Cr:AlN surface (inset). 
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FIG. 5.3(f)  REELS spectrum of the silicon-doped GaN top electrode grown 
over the Cr:AlN upper barrier layer.  This layer is nearly but not quite as 
smooth as the bottom electrode indicated by the plasmon loss of 16.7 eV 
compared to the bottom electrode for this device at 16.1 eV.  However, a very 
rough surface would have produced a pure bulk GaN plasmon that would have 
a characteristic 19.5 eV energy loss peak.  This interpretation is supported by 
the combined streaky and slightly spotted RHEED pattern of this GaN surface 
(inset). 
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 The first MBE-grown layer was the bottom Si:GaN electrode (deposited 
on the MOCVD GaN template).  The growth parameters for the Si:GaN 
electrodes were as follows: a substrate temperature of 695 ºC, Si effusion cell 
at 1060 ºC, Ga cell at 965 ºC and an Ar/N2 ratio of 2:1, a total combined 
pressure of 3×10-4 Torr, an RF power of 300 Watts , and a target thickness of 
100 nm.  RBS analysis revealed the flows, pressure and temperatures 
mentioned above yielded a deposition rate of 2.2 nm/minute, and this rate 
determined a deposition time of 45 minutes. 
The first of the two tunneling barrier layers was grown on top of the 
bottom Si:GaN electrode.  The first barrier was grown with the substrate at a 
temperature of 580 ºC, the Cr effusion cell at 1240 ºC, the Al cell at 1000 ºC 
and the same Ar/N2 ratio, combined pressure and RF power as the GaN 
electrode.  The barriers were grown to thicknesses between 6 and 12 nm to 
investigate what may give the best electrical behavior.  RBS data revealed a 
deposition rate of 0.37 nm/minute. Therefore , the barriers required growth 
times in the range of 15 to 30 minutes.   
The undoped GaN quantum well was grown at a substrate temperature of 
695 ºC, the Ga cell at 965 ºC, the Ar/N2 ratio, the total pressure and RF power 
the same as for the electrodes but without the n-type Si doping.  The quantum 
wells were grown within a range of target thicknesses between 4 and 7 nm.  At 
the deposition rate of 2.2 nm/minute, the wells required growth times within a 
range of 2 to 3 minutes. 
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The second of the two barrier layers was grown on top of the quantum 
well.  The second barrier was grown with parameters identical to the first. 
The top Si:GaN electrode was grown with MBE parameters identical to 
the bottom electrode and typically to the 100 nm thickness. 
These experimental parameters for the synthesis of the RTD layers were 
determined by optimizing the smoothness of each layer as observed from the 
concurrent RHEED and REELS data.  AFM was used to corroborate that the 
single layers and multilayer structures were topologically smooth (see again 
chapter 4). 
Patterning of the devices was accomplished with a four-layer 
photolithography process designed by the author.  Positive photoresist 
(AZ1580) was deposited by an eyedropper and spun onto the samples by a 
manually operated spinner unit, to a thickness of between ~1 and ~3 microns, 
depending on the subsequent etch process.  Etching of the mask patterns was 
done by reactive ion etching (RIE).  Chlorine chemistry, (BCl3) at 25 mTorr 
and 200 Watts, was used for the GaN etch steps.  Fluorine (CF4) was the 
chemistry applied for etching the contact vias through an SiO2 insulating layer 
between the device layer and the metal interconnection layer.  Metalization was 
accomplished with thermal evaporation of Ti/Al.  The metal patterning was 
done by either lift-off or the chlorine RIE etch with the etch process found to 
be the preferred method, giving better line control and fewer electrical short 
circuit or open circuit defects. The etch recipes are shown in Table 5.1. 
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TABLE 5.1  Etch Recipes for GaN, AlN and SiO2 used in the fabrication 
process of the resonant tunneling diode device layers.  GaN and AlN are very 
resistant to etchants but the chlorine process of a mixture of BCl3 and argon in 
the Oxford Research Plasmalab 80+ reactive ion etcher was adequate for the 
task. 
 
ETCH RECIPES 
Material 
 
Gas Flow 
(SCCM) 
Pressure 
(mTorr) 
RF Power 
(Watts) 
Etch Rate 
(nm/min.) 
GaN BCl3 10 25 200 4.3 Ar 5 
 
AlN BCl3 10 25 200  4 Ar 5 
 
SiO2 
CHF3 60 
30 80 30 Ar 30 
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The mask designs were drawn in an AutoCAD (AutoDesk Inc.) 2-D 
format.  These masks were fabricated by an external vendor on 125 mm square, 
2.3 mm thick soda-lime glass plates by a chromium-on-glass process.  These 
were placed in a 100 mm contact mask aligner.  The 1 × 1 cm samples were 
placed on a specially designed stainless steel adapter wafer with a recessed area 
in it that allowed the samples to be pressed into a small amount of modeling 
clay and leveled to the top surface of the adapter wafer by gently pressing it 
with a glass microscope slide.  Exposure of the photoresist was commonly 25-
35 seconds (mask layer and photoresist thickness dependent).  Pattern 
development chemistry was done by immersion in a beaker of metal-ion-free 
developer of tetramethylammoniumhydroxide for 30 seconds, followed by a 
two 30 second rinses with deionized water. 
Tunnel junction sizes and placement on each 1 × 1 cm sample consisted of  
four sets of five junctions having dimensions of 100 × 100, 30 × 30,  10 × 10, 5 
× 5 and 3 × 3 microns on a side, arranged in order of size each about around the 
perimeter, 10 each of 20 × 20 micron junctions in two columns just inside the 
perimeter sets and in the center of the sample an array of 50 daisy-chained 10 × 
10 and  50  5 × 5 micron junctions.  There were also two Hall bridge patterns 
included in the interior part of the sample. The mask features are seen in Fig. 
5.4. 
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After the pattering was complete, the samples were mounted into 44-pin 
ceramic packages and wirebonded to the external connections either by Ag 
paste and Au wire or by ultrasonic wirebonding with Al wire. 
Current versus voltage (I-V) measurements were made using either an H-
P 4140B voltage source with a maximum current output of 2 mA and a 
Quantum Design Inc. Physical Property Measurement System (PPMS).  The 
PPMS is capable of controlling the temperature between 2K and 900 K 
applying a magnetic field up to ±9 Tesla. 
As a record of the process used in this study, the optimal parameters for 
the MBE growth of the Cr:AlN and the GaN/AlN RTDs are given here below 
in Table 5.2.  The other MBE parameters of flows and pressures are shown in 
Table 5.3 below. 
 
5.3. RESULTS and DISCUSSION 
To minimize the effect of series resistance, substrates of thick MOCVD GaN 
films on sapphire were used.  These substrates were then separately patterned 
as a template for the bottom electrode using a “working area” photomask and 
then etching this pattern down to the sapphire.  The bottom MBE silicon-doped 
GaN layer was then grown on top of this patterned template.   This reduced the 
contact and series resistance of the bottom electrodes to the same order as the 
tunnel junction resistance.  The electrical characteristics of the RTD junction 
were then more easily observed in I-V measurements. 
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TABLE 5.2.  The tablulated parameters for growth (substrate) temperature, 
effusion cell (K-cell) temperatures for the different metals and dopants, growth 
times and target thicknesses for the layers are shown here.  The second row of 
the table records the parameters to produce a 7% Cr-doped AlN film.  The third 
row records the optimized parameters for the growth of the RTD structure and 
its target thicknesses for all the RTD layers. 
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TABLE 5.3.  Plasma cleaning and nitridation conditions growth of the RTDs. 
 
The REELS spectrum of the MOCVD GaN template is a good example of 
how two distinct plasmon peaks can superpose to create one combined peak.  
The GaN peak at approximately 16 eV and the sapphire peak at 21.5 eV are 
described schematically by the overlay of the two peaks drawn within the 
REELS spectrum of the template in Fig. 5.3(a).  The single combined peak is 
wider than either of the individual peaks, as their maxima are at much different 
energies and their full-width-at-half-maximums are broad enough that two 
separate peaks are not resolved.  The RHEED pattern taken of the MOCVD 
GaN with the electron beam incident in a plane parallel to the [1 1 -2 0] 
sapphire azimuth is also shown with each respective REELS spectrum.  The 
wurtzite polymorph of GaN grows on sapphire with a 30° rotation about the   
[0 0 0 1] growth axis.  This means that while the RHEED data is taken along 
sapphire [1 1 -2 0] azimuth, the GaN RHEED diffraction is actually taken 
parallel to the GaN [1 0 -1 0] direction.  The RHEED pattern of the MOCVD 
GaN-on-sapphire template shows the two lattices of the sapphire substrate and 
Temperature RF Power Ar flow N2 flow Time 
Substrate plasma cleaning conditions: 
º700 ºC 300 Watts 1.00 SCCM none 10 min. 
Activated Ar/N2 plasma conditions for GaN and AlN growth: 
varies with material 300 Watts 1.00  SCCM 0.40 SCCM varies 
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the GaN template layer.  The outer bright streaky spots on either side of the 
specular spot are from the sapphire (0 1) and (0 -1) 2-D diffraction rods 
whereas the fainter streaky spots reflected by the patterned GaN template layer 
are from the GaN (0 1) and (0 -1) rods and can be seen just inside the sapphire 
spots.  The real lattice interplaner spacing of the sapphire is slightly smaller 
than the interplaner spacing of the GaN at this beam azimuth and therefore the 
reciprocal spacing of the sapphire reflections is wider than that of GaN. 
Hall measurements of the top and bottom Si:GaN at 300K revealed n-type 
conduction and a carrier concentration of approximately 3×1018 cm-3 electrons 
in the Si:GaN electrodes.  The target carrier concentrations for the Si:GaN 
electrodes were chosen to produce adequate conductivity for vertical current 
transport through the device and to attempt to match interface carrier 
concentrations from reports of barrier-electrode interface charge trapping at the 
GaN/AlN interface in the literature.11,12  This doping level was set by 
adjustment of the Si effusion cell temperature to 1060 ºC after the other growth 
parameters of the GaN layer had been determined. 
When the Si:GaN bottom electrode began to grow the sapphire RHEED 
spots rapidly disappeared due to the very short penetration and escape depth of 
the incident beam electrons perpendicular to the sample surface.  After 
approximately two monolayers of GaN the coverage reached a thickness of ~ 1 
nm which is enough to cause extinction of the sapphire signal.13 
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FIG 5.4  Mask design layouts for the patterning of the RTD structures.  The  
masks by name are: (a) working area, (b) junction definition, (c) via, (d) metal 
etch.  A metal liftoff mask that was a negative of the metal etch pattern was 
also available but not used in the most recent processing due to poor line width 
control. 
(a) (b) 
(c) (d) 
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This is consistent with a characteristic penetration depth for this technique of ~ 
0.8 nm, as previously discussed in Chapter 3.  The REELS spectrum also 
shows a narrower peak at 16.1 eV, corresponding to the expected plasmon 
energy loss of a reasonably smooth GaN surface.  Both the RHEED pattern and 
REELS spectrum are seen in Fig. 5.3 (b). 
The values of AlN and GaN lattice constants are shown here below and 
are taken from the work of Qian, et al.14 
AlN real space lattice constants:    a = 3.111 Å, b = 3.111 Å, c = 4.982Å  
GaN real space lattice constants:   a = 3.189 Å, b = 3.189 Å, c = 5.178Å 
The real and reciprocal space lattice constants for both AlN and GaN may 
be seen diagrammatically in more detail in Figs. 2.2 and 2.3 and 2.4 in Chapter 
2.  The difference between the lattice constants of AlN and GaN is very small.  
The crystal lattice in the isotropic a or b directions differ between AlN and 
GaN by approximately 2.5%.  The c-axes differ by about 4%.  The distance 
between reciprocal lattice rods for this electron beam azimuth derive from 
reciprocals of the a-axis and b-axis real lattice spacing.  The observed result is 
that the width between the RHEED (0 1) and (0 -1) diffraction spots on this 
MBE chamber’s phosphor screen from either AlN or GaN (0 0 1) surfaces are 
on the order of 30 millimeters.  The difference in spacing for those spots 
between GaN and AlN are only a fraction of a millimeter (2.5% of 30 mm).  
The RHEED instrument resolution is fine enough that one may see a difference 
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with careful measurements of equal-sized photographs of both patterns from 
the phosphor screen. 
REELS spectra of GaN and AlN surfaces that have qualitatively similar 
RHEED pattern geometry, streakiness, etc., are found to exhibit quantitatively 
different REELS spectra.  This is due to the difference in the valence electron 
density for these two materials as can be seen from the theoretical bulk plasma 
energy equation, Ebulk = hν = h(ne2/4π2ε0m)1/2, where ν is the plasma frequency, 
n is the valence electron density in the material, e is the fundamental charge, ε0 
is the permittivity of free space, m is the electron mass, and h is Planck’s 
constant.  Surface plasmons energies were estimated by [h(ne2/4π2ε0m)1/2] / 21/2.  
It follows that as the electron density, n, varies, the plasma energy varies in 
direct dependence on the square root of the electron density.  For similar 
surface topography, AlN, being iso-electronic with GaN and having a smaller 
lattice constant, will have a higher electron density and therefore a higher 
plasmon energy than GaN.  One may tell the difference easily from the change 
during growth of the plasmon loss peak value from GaN toAlN and back to 
GaN as the material depositions change from bottom electrode to the first 
barrier, to quantum well, back to the second barrier, and finally again to top 
electrode.  This is exactly what can be seen in the series of data depicted in 
Figs. 5.3(b-f). 
As mentioned before in the experimental section of this chapter, the 
barrier thicknesses for most samples were between 6 and 12 nm according to 
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the RBS results.  These thicknesses may seem somewhat too thick for 
reasonable tunneling currents but as measured roughness of experimental films 
of AlN and GaN were found to be 3 nm ±2nm, this tunneling mught be 
expected to occur mostly through the thinner regions.  The RHEED and 
REELS data for a bottom barrier layer may be seen in Fig. 5.3(d). 
The quantum well layer was grown with the same basic MBE parameters 
as the bottom electrodes with the exception that the GaN was undoped.  The 
16.9 eV value of the REELS plasmon loss peak along with the streaky RHEED 
pattern  illustrated in Fig. 5.3(d) indicates that the surface remained quite 
smooth, although it is slightly rougher (higher plasmon loss) than the bottom 
GaN electrode that was below the barrier. 
Observation of the similar RHEED and REELS study of the top Cr:AlN 
barrier shown in Fig. 5.3(e) reveals that the top barrier smoothness closely 
resembles the bottom barrier smoothness, even though the quantum well GaN 
layer was slightly rougher than the bottom GaN electrode.  Compare the top 
barrier energy loss peak at 18.1 eV in Fig. 5.3(e) with the bottom barrier 
energy loss peak also at 18.1 eV in Fig. 5.3(c).  This finding would suggest that 
the barrier layers are not perfectly conformal to the underlying GaN layer and 
tend to follow their own material growth front character due to carefully 
chosen process parameters, at least when the underlayer is reasonably smooth. 
Top n-type Si-doped GaN electrode layers were grown under conditions 
similar to the bottom electrode layers.  The REELS and RHEED results in Fig. 
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5.3(f) show that the top electrode layer is still smooth after 45 minutes growth 
at 695 ºC. 
Such real-time monitoring of these individual layers confirmed the 
successful growth of an epitaxial crystal structure of the GaN/AlN 
heterojunction with smooth interfaces between the deposited materials.  These 
two instruments, when used together, provided real-time confirmation of the 
deposition of the desired material structures better than when either is used 
alone. 
RBS and TEM data was gathered to investigate the barrier and quantum 
well structures.  The reader may see in Fig. 5.5 a TEM micrograph of the RTD 
barrier and well structure in an RTD grown in this study. 
RBS analysis of the device structure is shown both schematically and in 
the RBS backscattered ion plot in Fig. 5.6.  It is clear that we cannot 
distinguish two Al peaks corresponding to the two AlN barrier layers in the 
RBS data.  The aluminum signal from the two barriers yields only one peak.  
This results from the thinness of the quantum well that separates the two 
barriers.  The 8 nm thick GaN well is too small for RBS to resolve.  The 
separation of the two barriers can be seen in the TEM image and is measured to 
be less than 10 nm.  Only when the separation between the two AlN barrier 
layers is >25 nm can the thicknesses of each of the two AlN barrier layers and 
the GaN well be determined independently. 
99 
Despite these limitations, we do find that fitting the data allows us to infer 
the total amount of Al deposited in the layers (i.e. total number of Al atoms 
present).  We can also distinguish the total thickness of the two AlN barriers 
and the GaN well.  The RBS data and the TEM data ing these two figures are 
taken from two different samples and therefore cannot be compared directly 
with each other. 
The total thickness of the barriers and well is estimated from the TEM 
image to be 30 nm.  Individual layer thicknesses are estimated to be 10, 8, and 
12 nm for the bottom barrier, the quantum well, and the top barrier, 
respectively.  This micrograph is of a device grown during the process 
parameter development phase of this study.  The TEM measurements precisely 
indicated the true thickness of the device structures.  This result enabled 
adjustment of growth times that accurately produced optimal barrier and well 
thicknesses. 
Electrical testing was accomplished using a voltage source I-V 
measurement in a stair-step fashion.  Each step was typically on the order of 10 
millivolts.  The direction and range of the applied electric field was typically 
from negative 4 volts to positive 4 volts and back again.  The voltage also was 
stepped from positive to negative.  Often the voltage was applied starting from 
0 volts and raised to 4 volts.  Both positive and negative beginning directions 
for the voltage scans were tried.  All these various permutations of the test 
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sequence were performed in an attempt at data acquisition with minimized 
effects from the charging at defects and interfaces in GaN/AlN RTDs. 
Testing of all of the process equipment and test stations revealed a 
widespread problem with electrostatic discharge (ESD).  An electronic 
tunneling device is, by nature, very susceptible to catastrophic failure from 
transient electric fields and these ESDs needed to be eliminated from the 
process. 
The RTD sample that produced the series of REELS and RHEED data 
shown in Figs. 5.3(a-f) above clearly exhibited exciting NDR characteristics.  
The I-V scan from is shown in Fig. 5.7.  This result is clear evidence of NDR 
from a sample RTD grown by the process detailed in this work.  The onset of 
NDR is at −2.3 V and 2.69 ×10-9 A, with the valley at −2.4 V and 2.21 ×10-9 A 
(a peak-to-valley ratio of 1.21).  Other features at higher electric field may be 
from carrier transit effects but the feature at −2.8 V and 5.14 ×10-9 A is a 
second NDR resonance condition.  The basic process parameters that produced 
this sample (I-V data in Fig. 5.7) were used in the growth of other samples 
going forward in this work with only small variations of barrier and well 
thicknesses. 
After many precautionary measures were taken, including installing 
grounding wrist straps and anti-static floor mats at all processing and electrical 
test stations.  Results from another RTD sample that exhibited NDR that was 
consistently observed in sequential I-V scans may be seen in Fig. 5.8. 
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FIG. 5.5  TEM micrograph of the structure in an RTD grown in this study. The 
total thickness of the barriers and well is estimated from the TEM image to be 
30 nm. Individual layers thicknesses are estimated to be 10, 8, and 12 nm for 
the bottom barrier, the quantum well, and the top barrier, respectively.  This 
image was from a device grown during process parameter development and 
revealed that the device structures were thicker than the optimum, enabling 
adjustment that helped produce optimal growth conditions. 
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FIG. 5.6 Actual RBS results of the schematic of an RTD structure grown on a 
SiC substrate (an early device in this work).  One cannot spatially resolve two 
Al peaks from two AlN barrier layers with RBS as the separation associated 
with the GaN well is too small to see. 
GaN (450Å) 
GaN (450Å) 
AlN (14 Å) GaN (20Å) 
AlN (14 Å) 
 SiC 
Al 
Peak 
Ga Peak 
Ga Al 
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Samples with resonant tunneling behavior from 100 and 30 micron-square 
junction RTDs conducted currents of 10-8 – 10-6 Amperes in the range below 5 
volts of applied field.  The onset of diffuse negative differential resistance in 
these samples was seen at approximately 1.25 volts to 2.5 volts with reversion 
to normal (positive) differential resistance with an increase of field of 
approximately 0.5 to 0.75 volts over the onset of NDR.  The variations of peak 
voltage may be from variations in the barrier thicknesses but could be partly 
attributed to variance in the series resistance of the test features on the sample, 
primarily the bottom electrode.  The peak to valley ratio was small, typically 
much less than two, but it was repeatable for several I-V scans.  Literature 
consistently reports the experimental peak-to-valley ratios are much smaller 
than theory predicts for all materials systems.1,7,11  So, these results for the 
GaN/AlN material system are not unexpected. 
Magnetic measurements were taken of the RTDs with 7% Cr-doped AlN 
barriers.  Current versus electric field measurements were taken in zero 
magnetic field and under an applied field of 1 Tesla.  Significant changes in the 
device electrical characteristics were not observed when comparing I-V scans 
at 1 Tesla to those I-V scans at zero applied field at 300 K.  This result is 
shown in Fig. 5.9.   While the general trend of the curves is evident and shows 
NDR, the peak current varies between measurements by about a factor of two.  
It is not clear if significant magnetic field dependence in the characteristics is 
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FIG. 5.7  Evidence of NDR from a sample RTD grown by the processes in this 
work.  The onset of NDR is at −2.3 V and 2.69 ×10-9 A, with the valley at −2.4 
V and 2.21 ×10-9 A (a peak-to-valley ratio of 1.21).  Other features at higher 
electric field may be from carrier transit effects but the feature at −2.8 V and 
5.14 ×10-9 A is a second NDR resonance condition. 
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FIG. 5.8  Evidence of NDR from a 100 micron square RTD junction device  
These plots are from the same device. The data was taken twice to confirm the 
repeatability of the signal. 
106 
present as the large time dependence observed during I-V testing would have 
masked this effect.  Theoretical work by Grubin8 indicates an effect should be 
present that could be potentially used as a magnetic field sensor or a high-
frequency switching element. 
Experimental results from similar diluted magnetic AlN material report 
the saturation magnetization to be approximately 250 Gauss at 300 K in this 
Cr:AlN material from a magnetic moment of 0.5 µ
B
 per Cr atom, with a 
remnant magnetization of approximately 3 emu/cm3 for the 7% Cr:AlN as seen 
in Fig. 5.10(a).15  This magnetization should have an magnetic effect on the 
current transport in the experimental RTD device.8 
The electronic structure of the dilute magnetic Cr-doped AlN barriers in 
the RTD will be affected by the large magnetic fields used in these 
measurements (>1 T).  The resulting Zeeman splitting in the AlN conduction 
band reduces the RTD's barrier height for electrons with spins parallel to the 
field and raises it for antiparallel ones.  This can directly alter the magnitude of 
direct tunneling in the device.  Similarly, the Zeeman splitting of the Cr mid-
gap defects will significantly affect the resonant tunneling process for electrons 
if the Cr defect bands move in or out of the resonant tunneling condition.  The 
estimate of the energy shift for the expected Zeeman splitting factor, g, of 2 
will be on the order of 115.9 µeV/Tesla is small, although in principle could be 
used to make magnetic-controlled RTD's.8 
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FIG. 5.9  Electrical test results from one RTD device with a Cr-doped AlN 
barrier with and without an applied magnetic field at 300 Kelvins.  Negative 
differential resistance (NDR) was observed in only one polarity of I-V scan, 
zero toward negative 4 volts.  NDR was seen on consecutive room temperature 
scans.  Magnetic effects were not observed in this device when under test 
neither at 1 Tesla applied magnetic field (top two plots) nor at zero applied 
field (bottom two plots).  The scans look similar with or without an applied 
magnetic field. 
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FIG. 5.10  (a) Saturation fields, Bs, of Cr:AlN material is only some hundreds 
of Gauss at 300 K.  (b) Potential energy diagram of RTD with Cr-doped AlN 
barriers.  The energy of Zeeman splitting, gµ
B
B, is only 115.9 µeV/Tesla, too 
small to affect tunneling current through AlN into the quantized state of the 
GaN well with strong dependence on applied magnetic field. [After Liu, et al.15]  
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A likely explanation for observing no significant change in tunneling 
current due to a magnetic response with a 1 Tesla applied field (Fig. 5.9) is that 
the I-V data was not repeatable enough to see the magnetic effect.  However, 
some groups have found experimentally16,17 and discussed theoretically18 the 
possibility of much larger g-factors being possible in dilute magnetic 
semiconductors.  If large g factors are indeed realized, the realization of an 
RTD that could be precisely controlled with an external magnetic control line 
would be expected. 
 
5.4. CONCLUSIONS 
Resonant tunneling diodes were produced that exhibited NDR.  Electrical 
testing by voltage sourced current versus voltage plots revealed that the NDR 
peak to valley ratios were less than 2.  This finding is similar to what is found 
in the literature on the subject, i.e., that peak to valley ratios in experimental 
results are much lower than is predicted by theory.1,7,11  The peak voltage at the 
onset of negative differential resistance was approximately 1.25 volts to 2.5 
volts with a valley width defined by reversion to normal (positive) differential 
resistance with an increase of field of approximately 0.5 to 0.75 volts over the 
onset of NDR. 
The tunnel barriers in the RTD were made of Al0.93Cr0.07N.  The  0.07 
atomic fraction of chromium in AlN, as measured by RBS, was to create a 
diluted magnetic semiconductor that could effectively  be a “third terminal” 
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allowing magnetic control of the transport through the RTD.  Magnetic effects 
in the I-V scans were not observed when comparing data from the same device 
under test in a 1 Tesla applied field with the data from that device in a zero 
field.  It is likely the I-V measurement data was not repeatable enough to 
resolve small changes in the current from any magnetic effects. 
Analysis and optimization of the MBE growth parameters was 
accomplished by concurrent use of in situ RHEED and REELS.  Even as the 
ranges of GaN and AlN REELS plasmon loss signals overlap, the ability to 
discern a difference between the two materials is made possible by comparing 
the concomitant REELS peak energy and RHEED patterns of each of the two 
materials.  They immediately identify qualities such as chemical properties and 
crystalline structure and confirm smooth epitaxial growth of the RTD layers. 
These instruments, when used together, provided better real-time confirmation 
of the desired material structures than when either is used alone. 
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CHAPTER 6 
 
Niobium nitridation and aluminum nitride barrier growth for Josephson 
junctions as monitored by in situ RHEED and REELS 
 
6.1. INTRODUCTION 
The ability of our current thin film growth techniques to produce smooth 
thin film layers with thickness control down to atomic dimensions has 
facilitated development of commercial tunnel barrier devices.  While this has 
been consistently and reliably achieved with physical vapor deposition 
methods in metals, semiconductor, superconductor and magnetic tunnel 
barriers, different approaches have been used to produce device structures from 
these classes of materials. Among the differing PVD methods, Molecular Beam 
Epitaxy (MBE) is commonly used to produce semiconductor tunnel devices 
including Esaki diodes, resonant tunnel diodes, and quantum cascade lasers.  
MBE chambers with sophisticated evaporation sources, precisely controlled 
sample heaters, fast shutters and activated gas generators are very often also 
equipped with real-time monitoring of the growth surface by RHEED 
instrumentation (Reflection High Energy Electron Diffraction).  RHEED 
electron diffraction patterns are observed on a phosphor screen and are used to 
infer the surface structure of the growing film.  This in situ process monitor has 
proven to be essential in consistently attaining flat and homogeneous epitaxial 
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structures.  Also, the intensity oscillations of the diffracted beam can be, in 
specific cases, used to monitor layer thickness with submonolayer depth 
resolution.  Additionally, REELS (Reflection Electron Energy Loss 
Spectroscopy) instrumentation has recently become commercially available 
with a retarding-grid configuration that shares the RHEED electron source and 
phosphor screen hardware.  RHEED and REELS can now be performed 
concomitantly.1  The beam-sample interactions in this geometric configuration 
are dominated by plasmon oscillations with a probe depth of ~0.8 nm and the 
plasma loss spectrum can be used to provide information on the chemical 
nature and topography of the near surface region.2 
Niobiuim, a body-centered-cubic metallic element that is a 
superconductor below 9.3 K is commonly deposited by physical vapor 
deposition to form superconducting thin film electrodes in tunnel junction 
devices.  The choice of niobium comes from its relatively high transition 
temperature, isotropic conduction behavior and simplicity of single-element 
deposition.  Furthermore, it is known to exhibit epitaxial growth on sapphire.  
Single-crystal growth of Nb on R-plane sapphire (1 1 0 2)  has been shown to 
produce (1 0 0) niobium films with improved properties over polycrystalline 
ones.  The improvements were of the smoothness of the surface, maximized 
coherence length and minimized penetration depth, electronic scattering, and 
better resistivity ratios when compared to less epitaxial films.3,4  Josephson 
Junctions are used in applications including SQUID magnetometers, RF mixers 
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and SFQ digital circuitry.  Although it has proven to be challenging to achieve, 
Cooper pair tunneling with 2% or better uniformity in the critical current have 
been attained in digital SFQ circuits containing over 50,000 Josephson 
junctions.  Production of more complex circuits for practical applications such 
as superconductor supercomputers will require the same or better uniformity in 
circuits with at least 3 orders of magnitude higher device count.  It is generally 
agreed that a close monitoring of the barrier and interface materials deposition 
processes will be essential to achieve this level of uniformity. 
It is most common for superconductor and magnetic tunnel devices to 
have amorphous AlOx or polycrystalline barriers of MgO or AlN.  Tunneling 
barriers are typically formed by deposition of a thin Al film on the Nb base 
electrode, and the Al is subsequently oxidized.  However, the employment of 
AlN as the tunneling barrier in high Jc refractory Josephson Junctions has been 
reported to give better run to run control of Jc and also lower sub gap currents 
than AlOx barriers.5,6 
A problem with the base junction has occurred when they are subjected to 
oxidation prior to the aluminum film deposition.  It known that atmospheric 
oxidation of niobium creates a mixture of highly dielectric surface oxide Nb2O5 
and conductive niobium sub oxides.7  Moreover, the metals Nb and Al react at 
elevated temperatures creating intermetallic compounds and alloys that degrade 
superconducting properties of the electrodes.  For example, any unoxidized 
aluminum between the Al2O3 barrier may diffuse with niobium creating a 
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NbAlx alloy.8,9  All of these deviations from an atomically sharp interface 
between the barrier and Nb electrodes can have a detrimental effect on junction 
properties. 
The purpose of the study we report here is to explore the information that 
can be attained using the advanced RHEED and REELS in-situ 
characterization monitoring techniques for semiconductor-type growth.  We 
will show that these methods can provide important insight into the control of 
the thickness, as well as the structural, topological and chemical film properties 
in this growth process. 
The creation of clean, abrupt Nb - NbxNx-δ - AlN interfaces for Josephson 
junction applications is begun by in situ removal of any oxidized Nb surface 
then deposition of overlayers with little Al diffusion between layers.  Steps 
taken to accomplish this included plasma cleaning of native Nb oxides from the 
base electrode surface followed by nitridation of the Nb to prevent reactions 
between Al and elemental Nb, and the in situ deposition of Al or AlN on the 
thin NbN surface for SIS junction barrier formation. Additionally we 
demonstrate the suitability and usefulness of the concurrent use of RHEED and 
REELS for the in situ monitoring of this process. 
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6.2. EXPERIMENT 
Four niobium films grown by a fellow student, Mengchu Huang, were 
given to me for the base layers for this study.  Each of these Nb films were 
deposited to a thickness of 250 nm by DC magnetron sputtering (180 Watts 
and 8 mTorr Ar) from an elemental target onto 1cm×1cm sapphire (1 1 0 2)  
substrates at 500 ºC in an unbaked MBE chamber with a base pressure of 2.5 
×10-8 Torr.  These Nb films were exposed to room air for greater than 24 hours 
before transfer to a second MBE chamber (base pressure 2 ×10-9 Torr) fitted 
with an aluminum effusion cell, equipped with RHEED, an in situ REELS 
analyzer and an RF nitrogen/argon plasma source.10  These samples were 
singly loaded and processed in this MBE chamber while information from 
changes in surface structure and composition from four different experiments 
were recorded in situ by the RHEED and REELS instrumentation.  The process 
information for these four samples may be seen in Table 6.1. 
Plasma cleaning was performed on all four samples by applying a 300 Watt 2 
×10-4 Torr Ar plasma for an initial 10 minutes after which REELS and RHEED 
data was taken and then at least one additional cycle of cleaning and 
measurements to investigate the effect of further processing on the energy loss 
spectra and diffraction patterns. The first sample was kept at room temperature 
and then following sample temperature was raised to 500 ºC while the plasma 
cleaning step was made.  
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The second experimental step was to see the effects of nitridation of the 
sample surface after it had been cleaned of native oxides.  This was done by 
impingement of 300 Watt, 3 ×10-4 Torr Ar/N2 plasma on the Nb film (2:1 ratio 
of Ar to N2).  This was done also on the first sample at room temperature, but 
on the other samples the substrate temperature raised to 500 ºC before both the 
plasma cleaning and the nitridation was attempted. 
Next each NbN surface sample was layered with either Al metal which 
was subsequently nitrided or reactive gas MBE AlN, producing a Nb/NbN base 
electrode and Al-AlN or AlN heterojunction as a barrier that might be suitable 
for an SIS Josephson junction fabrication process.  RHEED and REELS were 
taken at each step to identify the effect of the process on the samples and the 
utility of these two in situ analytical techniques for real-time process 
monitoring. 
Finally these instruments were used to investigate whether an aluminum 
film deposited on such a NbN surface would remain smooth and continuous if 
after deposition of the metal at room temperature was raised to at least 500 ºC.  
If both the RHEED pattern and the REELS spectrum were unchanged while the 
sample was heated then the integrity of a barrier layer formed at the high 
temperature (either a nitride or an oxide) would be indicated. 
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TABLE 6.1  The four experimental Nb samples and their processing history. 
 
Sample 
No. 
Nb 
plasma 
clean 
TsubºC 
PAr 
Watts 
time 
Nb 
Nitridation 
TsubºC 
PN2,+ PAr 
Watts 
time 
Al  
Deposition 
TAl-Cell ºC 
TsubºC 
PN2 
PAr 
Watts 
time 
AlN  
Deposition 
TAl-Cell ºC 
TsubºC 
PN2 
PAr 
Watts 
time 
1 
25 ºC 
2×10-4 Torr 
300 W 
80 min. 
No Nb 
nitridation 
994 ºC 
25 ºC 
Base pressure 
60 min. 
Al film nitrided 
25 ºC 
1×10-4 Torr 
2×10-4 Torr 
300 W 
60 min. 
2 
500 ºC 
2×10-4 Torr 
300 W 
20 min. 
500 ºC  
1.0×10-4 
Torr + 
2×10-4 Torr 
300 W 
30 min. 
No metallic Al 
deposition 
1035 ºC 
500 ºC 
1.0×10-4 Torr 
2×10-4 Torr 
300 W 
5 min. 
3 
500 ºC 
2×10-4 Torr 
300 W 
20 min. 
Same as 
sample 2 
No metallic Al 
deposition 
1035 ºC 
500 ºC 
1×10-4 Torr 
2×10-4 Torr 
300 W 
2.5 min.
 
4 
500 ºC 
2×10-4 Torr 
300 W 
10 min. 
Same as 
sample 2 
1035 ºC 
25 ºC 
Base pressure 
5 min. 
AlN formed  
from the Al film 
500 ºC 
1×10-4 Torr 
2×10-4 Torr 
30 min. 
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6.3. RESULTS 
Plasma cleaning of the oxidize Nb surface was at first attempted with the 
sample held at room temperature by applying a 300 Watt 2 ×10-4 Torr Ar 
plasma for an initial 10 minutes, then repeated for another 10 minutes, then 
finally for an additional 60 minutes.  In situ observation of three iterations of 
10, 10 and 60 minutes indicated that plasma cleaning at room temperature was 
ineffective, i.e., after each of these plasma clean iterations the REELS 
spectrum was unchanged; the REELS spectrum and RHEED pattern appeared 
identical to those in Fig. 6.1. 
Nb film sample 1 was loaded and RHEED diffraction patterns and REELS 
spectra taken at 25 ºC from the native oxide surface of the Nb film.  For this 
and for all the other natively oxidized Nb samples a REELS energy loss peak 
was observed at 21.8 ± 0.2 eV, a value much higher than the ab initio 
calculated metallic niobium plasmon energy of 19.57 eV from the theoretical 
bulk plasma energy formula, Ebulk = hυ = h(ne2/ε0m)1/2, where υ is the plasma 
frequency, n is the valence electron density in the material, e is the 
fundamental charge, ε0 is the permittivity of free space, m is the electron mass, 
and h is Planck’s constant.   
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FIG. 6.1  REELS spectrum and RHEED diffraction pattern of natively oxidized 
Nb, as loaded in the MBE chamber, before any plasma cleaning. 
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This 21.8 eV value is presumed to be the characteristic energy loss from a 
Nb2O5 surface.7  This REELS spectrum along with the film’s RHEED pattern 
is shown in Fig. 6.2. 
Aluminum metal was then deposited from an Al effusion cell at 994 ºC 
onto the room temperature surface of the Nb oxide film to produce a smooth 
metallic film.  After Al metal deposition on the room temperature NbOx  film, 
RHEED patterns and REELS spectra characteristics of the surface revealed a 
smooth polycrystalline metallic film.  Fig. 6.2 shows the 13.1 eV REELS loss 
peak from the Al surface, and also depicted is a ring-like RHEED diffraction 
pattern consistent with polycrystalline Al.  As a final step this aluminum film 
was nitrided with the sample at near room temperature with a 5 ×10-4 Torr 300 
Watt argon-nitrogen plasma for 60 minutes.  This changed the REELS 
spectrum from the metallic 13.1 eV signal to 15.7 eV.  No significant change to 
the RHEED pattern occurred during this step indicating the room temperature 
nitridation did not significantly alter the composition or structure as sensed by 
the REELS instrument.  It is unlikely this room temperature nitride formed to a 
depth more than a very few monolayers on the surface, as the RHEED pattern 
kept its polycrystalline nature and the REELS spectrum did not change to the 
broader more bound-electron-like signature of a nitride.10  It is likely this is an 
atomically thin nitrided surface and so surface plasmons of AlN are superposed 
with metallic aluminum plasmon losses and so raised the energy of the 
observed plasmon peak above that of the surface plasma energy slightly. 
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FIG. 6.2  Aluminum deposited for 60 minutes on room temperature NbOx 
produced a thick, polycrystalline film as indicated by characteristic Al bulk 
plasmon energy spectrum and a ring-like RHEED diffraction pattern. 
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When Sample 2 was loaded into the MBE chamber its initial REELS 
spectrum was identical to that for Sample 1 in Fig. 6.1, but this time the sample  
was heated to 500 ºC before the plasma clean step was performed at the same 
power and pressure as Sample 1.  The REELS spectra changed within the first 
10 minutes of this 500 ºC cleaning from 21.2 eV to 19.6 eV, where this lower 
energy a good match to the theoretical plasma value for metallic niobium.  
Additional plasma cleaning for 10 more minutes did not further change the 
REELS spectrum, indicating that this higher temperature plasma cleaning 
process is adequate to reduce the oxide to a metallic surface in 10 minutes or 
less.  Fig. 6.3 depicts the results of this Nb film after the plasma cleaning at 
that elevated temperature. 
This sample was then held at 500 ºC and the reduced Nb surface was 
immediately nitrided in the 300 Watt Ar/N2 plasma.  REELS spectrum peak 
changed from the value of metallic niobium at 19.6 eV to a much higher value, 
22.6 eV (Fig. 6.4). 
No metallic Al was deposited on Sample 2; instead an AlN deposition was 
done on the NbN.  The AlN process is performed with the Al effusion cell set 
at 1035 ºC and the activated gas species was a 300 Watt 3 ×10-4 Torr Ar/N2 
plasma and deposition time was 5 minutes (revisit Table 6.1).  Again, RHEED 
and REELS data for all these processes were recorded.   
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FIG. 6.3  REELS spectrum and RHEED diffraction pattern of the Nb base 
electrode from Sample 2 after it was plasma cleaned at 500 ºC in a 300W argon 
plasma with a pressure 2×10-4 Torr for 10 minutes.  The 19.6 eV REELS peak 
is what is expected from a metallic Nb bulk plasmon loss. 
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FIG. 6.4  REELS spectrum and RHEED pattern of the NbN surface of Sample 
2 that had been nitrided for 10 minutes at 500 ºC by a 300W Ar-N2 plasma at 
3×10-4 Torr. 
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FIG. 6.5  The REELS and RHEED pattern of the AlN film grown for 5 minutes 
at 500 ºC on top of the NbN surface of Sample 2.  The REELS peak value of 
19.0 eV is a combination of the bulk plasmon and surface plasmon losses from 
a fairly smooth surface.  This RHEED pattern indicates a predominantly 
polycrystalline growth mode as evidenced by diffraction rings and high 
background intensity in the pattern. 
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The REELS loss peak was seen to change from the 22.6 eV value to a lower 
energy of 19.0 eV and the RHEED pattern indicated a polycrystalline 
morphology seen in Fig. 6.5.  This value is consistent with an AlN film that is 
of an intermediate roughness between atomically smooth and very rough.10 
In order to investigate the passivation provided by the AlN film on the 
NbN base electrode, Sample 2 was removed from the chamber at this stage and 
exposed to atmosphere for one hour in the chamber’s load lock.  The sample 
was reloaded into the chamber and another REELS spectrum taken.  The 
spectrum was unchanged from the previous spectrum, indicating that oxygen 
from the atmosphere did not react with the nitrided Al.  Indeed, AlN might not 
be expected to incorporate any oxygen at 25 ºC, as AlN has been shown to not 
react until the sample temperature in oxygen was raised above 700 ºC.11 
Sample 3 was a repeat of the Sample 2 but with an AlN layer that was 
only half as thick.  The REELS and RHEED data were seen to be nearly 
identical to those from Sample 2. 
The process for Sample 4 differed from Samples 2 and 3 only in that the 
barrier on the NbN base electrode was an aluminum film deposited at 25 ºC, 
then raised to 500 ºC whence the 300 Watt reactive Ar/N2 was applied for 30 
minutes.  This produced an AlN barrier on the NbN, evidenced by the change 
from an Al plasmon value (≤ 15.3 eV) to an AlN plasmon at 20.4 eV during the 
nitridation step.  The REELS spectrum and RHEED pattern of AlN from the 
surface of this nitrided aluminum film on Sample 4 is illustrated in Fig. 6.6. 
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FIG. 6.6  REELS spectrum and RHEED pattern of the nitrided aluminum 
surface of Sample 4 after the Al was nitrided for 5 minutes at 500 ºC by a 
300W Ar-N2 plasma at 3×10-4 Torr.  An additional 20 minutes of nitridation 
did not noticeably change the spectrum or pattern. 
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All four samples were removed from the REELS-equipped MBE chamber 
after the barrier depositions were completed and reloaded into the MBE 
chamber equipped with the Nb sputter gun previously described above.  RBS 
analysis was performed on the NbN/AlN film of Sample 2 after the top Nb 
electrode was deposited to provide some information on the interface quality, 
layer thicknesses nitridation depth for the process parameters used on that 
sample.  The layer simulation gave the following fit from the top surface down 
through the top Nbelectrode, through the AlN barrier and down into what is 
revealed as a heavily nitrided base Nb electrode: 1175 Å Nb / 40 Å AlN / 20 Å 
NbN / 500 Å NbN0.4 / 650 Å NbN0.1 / 580 Å Nb.  That RBS analysis may be 
seen in Fig. 6.7. 
 
6.4. DISCUSSION 
When a natively oxidized Nb films were subjected to the 300 Watt Ar 
plasma cleaning at room temperature they were not reduced to metallic Nb 
surfaces.  This conclusion is supported by the lack of change between the pre-
clean and post-clean in situ RHEED and REELS data.  When the film surfaces 
were first heated to a temperature of 500 ºC and then the plasma applied for 10 
minutes the surface was shown to be effectively cleaned.  There was a 
corresponding change between the pre-clean and the post-clean REELS 
spectrum .  Repeating the REELS and RHEED measurements after an 
additional 10 minutes of cleaning at this elevated temperature produced no 
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further noticeable changes from the first spectrum or diffraction pattern, 
revealing that this cleaning process was effective in 10 minutes or less. 
Aluminum films deposited on room temperature Nb oxide exhibited an 
energy loss spectrum shifted to well below the published pure bulk plasmon 
energy of 15.3 eV by the superposition of the bulk signal with significant 
surface plasmon contributions.  The interpretation of this is that the 
combination of increasing film smoothness (indicated by an increasing amount 
of the surface plasmon loss) added to the slight but ever present bulk plasmon 
loss gives a combined peak at a lower energy than the purely bulk value.10  
This interpretation of the plasmon peak energy may be used as figure of merit 
indicating relative surface smoothness for in situ process monitoring and 
control.  Of course it would also relate to interface smoothness for a subsequent 
layer. 
When either of a Nb or Al film was nitrided at room temperature the 
REELS spectrum changed only slightly and the RHEED pattern was 
unchanged indicating the room temperature nitridation did not significantly 
alter the composition or structure to more than a very few monolayers at the 
surface.  At the elevated temperature of 500 ºC this nitridation was much more 
effective as inferred from the significant change from a metallic Al signal to a 
much higher energy, one that is characteristic of an AlN surface.  As would be 
expected, the depth of nitridation into the Nb and Al is greatly increased with 
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increasing sample temperature, and this was confirmed by RBS 
characterization analysis. 
Furthermore, the AlN film deposited directly on the NbN of Sample 2 was 
smoother than the nitrided aluminum film from Sample 4.  This may be 
inferred from the difference between the REELS spectra of the two AlN films 
from Sample 2 as was seen in Fig. 6.5 and Sample 4 as was seen in Fig. 6.6. 
RBS results reveal a top Nb layer 1175 Å thick above a 40 Å thick AlN 
barrier.  Below the AlN barrier layer there is a 20 Å thick NbxNy layer with 
stoichiometry x = 1 and y = 1.  Below that y decreases to y = 0.1 N at a depth of  
1170 Å.  The bottom metallic Nb film is measured to be 1580 Å, which means 
920 Å of the 2500 Å film is consumed by the nitridation and that 92 nm of Nb 
became 2 nm of NbN and 115 nm of graded NbN. This rapid diffusion of N 
into Nb is presumed to be primarily at grain boundaries 
When the depth of the nitride diffusion into the Nb base electrode was 
revealed, it became apparent that the nitridation of the Nb was overdone which 
will adversely affect junction device performance.  Further work is needed 
identifying optimal parameters of time, temperature and plasma power to form 
a minimal amount of NbN as a diffusion barrier to the Al or AlN overlayer. 
.
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FIG. 6.7  RBS characterization of the NbN/AlN film from Sample 2.  The layer 
simulation gave the following analysis from film surface down through the top 
Nb electrode, through the AlN barrier and down into what is revealed as a 
heavily nitrided base Nb electrode: 1175 Å Nb / 40 Å AlN / 20 Å NbN / 500 Å 
NbN0.4 / 650 Å NbN0.1 / 580 Å Nb.  (RBS analysis by R. K. Singh) 
 
 
Dip in Nb peak due to AlN 
and NbN 
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6.5. CONCLUSIONS 
REELS spectra and RHEED diffraction patterns were recorded during 
removal of a niobium thin film surface native oxide by a 300 Watt argon 
plasma at 500 ºC.  The in situ REELS spectra of the Nb base layer was 
observed to change from a native NbOx surface to metallic Nb during the Ar 
plasma clean procedure.  Spectral changes were again observed as the cleaned 
surface was nitrided with an RF argon-N2 plasma.  When the NbN film was 
exposed to atmosphere and reloaded into the chamber the REELS spectrum 
was unchanged, indicating protection from Nb oxidation by the surface nitride 
layer.  Aluminum and AlN films deposited on the NbN at room temperature 
and at 500 ºC produced characteristic REELS spectra and RHEED diffraction 
patterns.  The NbN-to-AlN interface and a gradation of the Nb nitridation were 
revealed by RBS analysis. 
Natively oxidized niobium samples were characterized by concurrent use 
of in situ RHEED and REELS.  Argon plasma cleaning of the natively oxidized 
Nb surface at 500 ºC effectively reduced the surface to metallic Nb in 10 
minutes or less.  The cleaned Nb surface nitrided at 500 ºC by application of an 
RF activated argon-nitrogen plasma yielded a smooth NbN surface.  However, 
when the surfaces was plasma cleaned with the substrate at room temperature, 
REELS characterization indicated that room temperature Nb plasma cleaning is 
ineffective. 
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Aluminum films deposited at room temperature on the cleaned Nb films 
exhibited a very smooth polycrystalline surface.  But when the Al metal film 
was raised to 500 ºC and then nitrided, REELS indicated it was no longer as 
smooth as  AlN directly deposited on a 500 ºC NbN surface, as evidenced by a 
higher energy plasmon loss at 20.4 eV (Fig. 6.6) from 500º nitridation of the Al 
film versus a 19.0 eV peak in the spectrum from AlN directly deposited on the 
500 ºC NbN surface (Fig. 6.5).  The AlN film REELS spectra were not affected 
by subsequent exposure to atmosphere indicating a protection of the surface to 
exposure to oxygen. 
The concurrent use of RHEED and REELS during MBE thin film growth 
facilitates the in situ analysis of the morphology and chemistry of the growing 
surface.  Although quantitative analysis is not easily done in real-time, the 
qualitative information was very useful in confirming the optimum parameters 
of sample temperature and effusion cell temperature (hence growth rates).  Of 
course, as in many analytical methods, foreknowledge of the process (gases, 
effused materials, diffraction conditions, and experience with the expected data 
ranges of the plasma excitations is needed to discern and extract useful 
information from the diffraction patterns and energy loss spectra.  Still, the 
real-time process control confirmation this concomitant in situ employment of 
these two analyses gives hold real value for the investigator, as directed 
decisions were more easily made for process improvement. 
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CHAPTER 7 
Summary and future directions 
 
One of the important lessons learned from this study is that the surface 
topography strongly influences the REELS plasmon spectra.  This is explained 
by the specific interactions of the grazing angle electron beam with features of 
the surface topography.  It was found that the rms roughness figure of merit 
alone does not sufficiently describe the surface topology to predict the plasmon 
loss energy observed in the REELS data. 
It was shown that the surface sensitivity of the REELS spectrometer is on 
the order of 1 nm.  This makes sense from geometric considerations that an 
electron beam incident at a 2º angle on a flat thin film surface has an 
interaction depth that from should comprise the top ~0.7 nm of the material (t = 
20 sine 2º).  This was in reasonable agreement with the experimental result of 
0.8 nm on metal surfaces. 
It was found that closely spaced sharp-peaked grains on a film surface 
facilitate electron beam transmission through the narrow tops, resulting in 
excitation of predominantly bulk plasmons despite having a small value of rms 
roughness.  The rounded tops of larger grains are a topography that allowed 
less transmission and therefore a combination of bulk and surface plasmons 
resulted.  Larger crystal grains with flat tops were seen to excite mainly surface 
plasmons even though they may have a large rms roughness.  This may occur 
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as a result of the beam not strongly interacting with deep but very narrow 
surface crevices between the large flat grains.  It became clear that rms 
roughness alone is not a sufficient figure-of-merit and differences in surface 
topographical characteristics need to be considered when analyzing REELS 
data. 
It was evident that for all the experimental results for smoother films that 
the plasmon peak maxima do not fall at the predicted surface plasmon values 
but at slightly higher energies, even for nearly atomically flat films.  The 
reasonable explanation of this is that there is always a bulk plasmon 
contribution, even for very smooth films.  The results consistently suggest the 
REELS plasmon loss spectra as detected by this instrument configuration are a 
combination of surface and bulk plasmon losses.  It is proposed here that the 
resulting convolution of these two types of losses shift the peak to lower 
energies but hold its minimum at a slightly higher energy than the pure surface 
plasmon value. 
REELS spectra at grazing angles also include the influence of electronic 
interband transitions.  Interband transition (IBT) peaks were observed as a 
shoulder on the low energy side of the plasmon peak for InN, GaN, and AlN as 
a result from direct interband transitions from the group III valence d-band to 
the conduction band at M-L in the Brillouin zone where the bands are quite flat 
corresponding to a high density of states and therefore strong absorption. 
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The REELS spectra were well fitted by integration of Gaussian peaks 
positioned at the published bulk and surface plasmon energies and the 
published IBT energies for aluminum nitride.  These same peak maxima fit 
well to REELS spectra of  both rough and smooth AlN films by changing 
essentially only the peak heights, supporting the assertion that the spectra are 
superpositions of the separate energy loss modes of IBTs and plasmons. 
Optimization of the process parameters for the RTD device materials and 
interfaces was facilitated by the paired use of the RHEED and REELS 
instruments.  Confidence in production of smoother film surfaces and good 
epitaxial growth was raised when streakier RHEED patterns were observed 
along with REELS plasmon loss values tended to lower energies within the 
range between the bulk and surface plasmon energy for the deposited material.  
These two results together help to confirm the parameters are optimized and 
the device growth is going well. 
Tunnel barriers in the RTD were made of Al0.93Cr0.07N.  The  0.07 atomic 
fraction of chromium in AlN, as measured by RBS, was intended to create a 
diluted magnetic semiconductor that could effectively  be a “third terminal” 
allowing magnetic control of the transport through the RTD.  Due to data 
resolution and repeatability inherent in the I-V scans of these RTDs, magnetic 
effects scans were not observed when comparing data from the same device 
under test in a 1 Tesla  applied field with the data from that device in a zero 
field. 
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Observation and interpretation of the diffraction pattern and energy loss 
spectrum allowed discernment of the chemistry of the material.  That is for 
example, materials could be identified by differences between a rough InN or 
smooth GaN by noting that a spotty RHEED and 15 eV REELS indicates a 
rough InN growth, as this energy is high in the InN range near its bulk plasmon 
energy of 15.5 eV with the diffraction pattern indicating a rough surface.  
Conversely if one sees streaky RHEED at the same 15 eV energy one may 
infer that a smooth GaN film growth is occurring, as the spectral peak is at a 
much lower energy than the GaN bulk plasmon value of 19.5 eV and trending 
closer to the calculated GaN surface plasmon energy of 13.8 eV. 
In the case of the Nb Josephson junction layer growths, the process time 
and parameters for successful plasma cleaning of a natively oxidized Nb 
surface was readily apparent by the distinct change from the niobium oxide 
REELS plasmon energy to the one characteristic of metallic Nb.  The real-time 
observation of the RHEED pattern and the REELS loss energy likewise 
changed significantly from that of the clean Nb surface to that of NbN.  The 
RHEED pattern also clearly shows the difference between the concentric rings 
of a polycrystalline NbN film and one of smooth textured NbN epitaxy. 
On a side note, one important finding in this study was that the RBS of 
the nitrided Nb film indicates that the nitridation by RF activated nitrogen at 
500 ºC for 30 minutes of a highly graded Nb-N composition to a greater depth 
than is desirable for junction structures.  This is an area that warrants further 
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investigation and process improvement to produce thinner sharper NbN-AlN 
interfaces. 
This investigation revealed that one may easily discern from the 
concurrent observation and interpretation of the RHEED diffraction image and 
the REELS electron energy loss spectrum if a thin film growth process is 
proceeding as desired.  The paired use of these two instruments allow for real-
time confirmation of thin film composition, surface morphology and texture 
during MBE growth.  The combination of these in situ tools was found to be a 
very important way to monitor and control the growth of thin films by MBE. 
